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ARTICLE INFO ABSTRACT

Mental imagery related to the recent death of a loved one is associated with intense sadness and distress. Social
relations, such as with one’s significant other, can regulate negative emotions and provide comfort, but the
neural correlates of social comfort are largely unknown. In this functional magnetic resonance imaging study, we
examined brain responses to sad mental imagery and how these are modulated by holding hands with one’s
romantic partner. We found that mental imagery of a recently deceased loved one was associated with increased
reactivity in the dorsal striatum, medial prefrontal cortex, anterior and posterior cingulate cortex, thalamus and
cerebellum. Holding hands with one’s partner as compared to being alone or holding hands with a stranger
provided subjective comfort and reduced neural reactivity in the dorsal striatum without affecting the vividness
of the imagery. Our findings indicate an important role for the dorsal striatum in sad mental imagery and social
comfort and suggest that tactile social support by one’s romantic partner regulates subjective distress through
other processes than mere distraction from the mental imagery.

Keywords:
Holding hands
Dorsal striatum
Attachment
fMRI

Social support

1. Introduction

Mental imagery refers to perceptual experience in the absence of
sensory input, for example seeing with the “mind’s eye” [1]. It can
evoke “as if real” responses to imagined events, including intense
feelings, and in the case of mental imagery with negative emotional
content, lead to significant distress [2]. For example, intrusive mental
imagery related to the death of a loved one induces substantial sadness
[3-5]. Although this is often part of a normal grieving process and
subsides with time [6,7], persistent negative imagery may cause de-
pressive states and compromise quality of life. In the brain, sad mental
imagery is reflected by engagement of a network of brain regions in-
cluding the dorsal striatum, medial prefrontal cortex, anterior and
posterior cingulate cortices, insula, cerebellum, and thalamus [3,5,8].

Social support is a strong predictor of health and well-being, and
both subjective emotional experiences and the associated neural cir-
cuitry can be regulated by being with others [9]. In accordance, at-
tachment theory proposes that relationships provide security and alle-
viate distress [10,11]. Specifically, relationships with attachment
figures, such as a parent or a romantic partner, are most effective in
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regulating emotions and arousal [12]. Indeed, for adults, romantic
partners are among the most important social regulators of negative
emotions, and experimental studies have shown that partner presence
dampens emotional distress and neural reactivity to physical threat and
pain [12-15] as well as to pictures of recently deceased loved ones
[16].Specifically, we recently showed that sad pictorial stimulation led
to increased reactivity in emotion-related brain areas including the
orbital and the anterior cingulate cortices, dorsal striatum, insula and
cerebellum, as well as to increased reactivity in the visual areas [16].
Partner presence dampened this neural reactivity in the cerebellum,
insula and anterior cingulate cortex (ACC). However, the modulating
effects of social support on brain activity during emotional mental
imagery are still largely unexplored. It is interesting to note that the
dorsal striatum, insula and anterior cingulate cortex (ACC), brain re-
gions engaged in sad mental imagery are also associated with social
emotion regulation [17] and adult attachment [18,19]. This suggests
that social regulation of imagery-induced sadness would be mirrored by
effects in these regions, and that the effects would be especially pro-
minent in the presence of an attachment figure such as one’s romantic
partner.
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Hence, to test these hypotheses, we conducted a functional mag-
netic resonance imaging (fMRI) study during mental imagery related to
the death of a loved one. We first identified brain areas involved in sad
mental imagery while being alone in the scanner. Then we examined if
social support in the form of holding hands with one’s romantic partner
provided comfort and modulated activity in these brain areas and if
these effects differed from holding hands with a stranger.

2. Methods
2.1. Participants

Thirty-two adult participants (mean = 24; SD = 3.7 years; 20
women, 12 men), in an ongoing romantic relationship (mean = 2.7
years; SD = 1.8), with an absence of any neurological or psychiatric
condition, and who had experienced a recent death of a loved one (time
from death- median = 2.5 months). Participants were enrolled to the
study through online advertising, leaflets and social networks. All
participants and their partners provided their informed consent. The
study was approved by the Ethical Committee of Masaryk University
and conformed to the Declaration of Helsinki,7th revision [20].

2.2. Procedure

Participants took part in three counterbalanced experimental con-
ditions in the MR scanner - being alone, holding the hand of the
partner, and holding the hand of a stranger. These conditions were
termed “Alone”, “Partner”, and “Stranger” respectively. During the
Stranger condition the person holding the participant’s hand was not
known to the participant and had not previously interacted with the
participant in any way. During the three experimental conditions,
participants performed a mental imagery task including sad and neutral
trials in a counterbalanced order, with the valence of the first trial
randomly assigned. Each imagery trial lasted 35s, and within every
experimental condition (Alone, Partner, Stranger) there were five trials
of each image (i.e., sad and neutral). Before each trial, participants
viewed a picture related to that imagery (a personal picture of a de-
ceased loved one or a standardized neutral unfamiliar other picture) for
5s. The short pictorial presentation aided the participants with con-
structing their mental images [5,21] and signalled the beginning of
each imagery trial. Data for the pictorial presentation has been reported
in Kraus et al. [16] and we here focus on the mental imagery. After each
imagery trial there was a 10s long relax phase. In the Partner and
Stranger experimental conditions, participants held hands for the entire
duration of the condition. All conditions (Alone, Partner, Stranger)
were completed at the same visit. There was a 3 min long break be-
tween each condition, where participants viewed an unrelated relaxing
video. These breaks were used as a relief from the cognitive demand of
the experimental task.

2.3. Mental imagery task

To prepare for the mental imagery task, participants underwent a
brief practice exercise in which they were asked to imagine a simple
action. This practice exercise is widely used in imagery research [e.g.
[22,23]] and serves to clarify and practice what is meant by mental
imagery. Next, participants were instructed to prepare and practice
their sad and neutral mental images at home. The mental images were
assessed to be relevant by the experimenter. Before the start of the
experiment, participants practiced these images again with the gui-
dance of the experimenter.

The imagery task adopted a variation of a commonly used mental
imagery procedure [3,23]. Briefly, for the sad imagery trials, partici-
pants were asked to recall, visualize and re-experience the emotional
episode when finding out that their loved one had passed away. For the
neutral imagery trials, they were asked to recall, visualize and re-

Behavioural Brain Research 380 (2020) 112433

experience an equally specific and social but emotionally neutral epi-
sode from their daily lives that was not related to the deceased loved
one. Participants were encouraged to produce detailed images and told
that maintaining focus on the generated images would facilitate success
on the task. Additionally, observations and debriefing of the partici-
pants revealed that the mental imagery was successful in inducing sad
emotions (i.e. all participants were sad or cried in response to the sad
imagery trials).

2.4. Measures

2.4.1. Self-report measures

Participants rated the average perceived vividness of the sad mental
imagery on a 10-point scale ranging from 1 (no imagery) to 10 (intense
imagery). The vividness was defined for the participants as the intensity
and clarity of the imagined sad event. Ratings were performed once per
each hand holding condition (i.e. Alone, Partner, Stranger) after the end
of the experimental stimulation. Following the experiment, we also
asked the participants to state which experimental condition (if any)
was the most comforting to them (categorical response).

Experiences in Close Relationship — The Relationship Structures
(ECR - RS) measures attachment-related personality characteristics in
close relationships under stress. Here, we focused on the romantic
partner. The questionnaire is commonly used in partner emotion-reg-
ulation studies [e.g. 15], displaying satisfactory psychometric proper-
ties [24]. Anxious attachment is here characterized by worries of the
unavailability of the partner in times of need. High scores in attachment
avoidance dimension are characterized by discomfort and distress in
intimacy with the preference not to depend on the partner in times of
need. Low scores on both of these dimensions are thus related to a more
secure attachment [24].

2.4.2. MRI acquisition

Participants underwent structural and functional MRI using a 3T
Siemens Magnetom Prisma scanner with a 64-channel head-neck coil.
T1-weighted high resolution data was acquired using an MPRAGE se-
quence: TR 2300 ms, TE 2.33 ms, TI 900 ms, FA 8°, 240 sagittal slices
with isotropic voxel 1 x 1 x 1 mm and in-plane FOV 224 X 224 mm,
GRAPPA with PAT factor 2. At the same scanning session as the
structural MRI, participants performed the Imagery task three times,
once for each condition, during three separate fMRI runs. We used a
CMRR MB-EPI (echo-planar imaging with simultaneous multislice op-
tion) using 3 echoes at 15, 33, and 52 ms, to acquire high-quality data
from all brain regions. Each run consisted of 630 scans with TR 800 ms,
60 axial slices with inplane FOV 200 X 170 mm, acquisition matrix
80 X 68, isotropic voxels 2.5 X 2.5 X 2.5 mm, pixel bandwith 2405 Hz,
FA 26°, GRAPPA with PAT factor 2, MB factor 6, phase encoding
direction = AP.

2.4.3. MRI data processing

MRI data analyses were performed in SPM12, build 6225 (Wellcome
Trust Centre for Neuroimaging at University College London (UCL), UK.
http://www.fil.ion.ucl.ac.uk/spm/) implemented in Matlab 8.4,
R2016b software. First, fMRI data from all echoes were realigned to the
first scan and the first echo to correct any voxel misplacement caused
by motion. From the individual echoes, the composite multi-echo data
was calculated voxel-wise as a weighted average [25] according to

contrast-to-noise ratio using individual tSNR values and echo times TE
Y Yse,i*tSNRe,i*TEe

e SNRe*TE,
individual voxel, e stands for index of individual echo, Yc; represents
the composite BOLD data (time-series) in voxel I, Ys,; represents the
motion-corrected BOLD signal (time-series), tSNR represents temporal
signal-to-noise ratio calculated for each voxel and echo as a mean of
BOLD signal divided by its standard deviation [26], and TE, is echo
time for specific echo. T1-weighted anatomical high-resolution data

using the formula Yc; = , where i stands for index of
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was spatially normalized into the Montreal Neurological Institute (MNI)
space, and the transformation parameters applied to the composite data
preserving the 2.5mm isotropic voxel size. Functional data in MNI
space were then spatially smoothed with a Gaussian filter
(FWHM = 5mm).

Sad and neutral imagery trials and picture presentations were en-
tered as regressors in three first level models, separately for Alone,
Stranger and Partner condition (together with the realignment para-
meters from the respective motion correction step) and convolved with
the canonical hemodynamic response function from SPM12. The con-
trasts between sad and neutral imagery (sad > neutral) were then
entered into group level analyses. First, we focused on the Alone con-
dition to identify brain areas that differentiated between sad and neu-
tral imagery. Subsequently, we performed planned comparisons be-
tween the conditions using paired t-tests. Specifically, we predicted
higher brain reactivity to sad (> neutral) imagery in the Alone condi-
tion, and that this would be dampened by holding hands with one’s
partner (Partner < Alone), but not a stranger. Lastly, we used the
Generalized Form of Context-Dependent Psychophysiological
Interactions (gPPI) [27] to assess connectivity related specifically to
partner support. We included peak voxels from clusters showing dif-
ferentiation between stranger and partner hand holding as seed regions
and performed separate whole-brain connectivity analyses for these
seeds.

We used p < 0.05 family-wise-error-corrected (FWE) at a cluster-
level with the voxel level cluster-defining threshold set to p < 0.001
uncorrected as our statistical threshold for significance. To identify
brain regions activated by our sad mental imagery task we performed
analyses in the Alone condition with a priori anatomical regions of
interest (ROIs) based on earlier reports in mental imagery
[3,5,8,28,29], neurobiology of human attachment [18] and states of
grief [30]. These included the dorsal striatum, medial and inferior or-
bitofrontal cortices, superior medial frontal cortex, anterior and pos-
terior cingulate cortices, insula, cerebellum and thalamus. We also
conducted exploratory whole-brain analyses. For the Alone vs. Partner,
Alone vs. Stranger and Stranger vs. Partner comparisons we used the
ROIs that differentiated sad from neutral imagery in the Alone condi-
tion.

All ROIs were defined using the Automated Anatomical Labeling
(AAL) library from the Wake Forest University Pickatlas [31]. The AAL
atlas was also utilized to map voxel coordinates to brain regions. All
coordinates are reported in MNI standard space.

2.4.4. Behavioral and demographic data
The analyses of behavioural and demographic data were conducted
using IBM SPSS Statistics 25 software [32].

3. Results

Across the entire paradigm, participants reported success in
achieving and performing vivid mental imagery (M = 7.2 out of 10
points, SE = 0.3). There was no difference in the vividness of the re-
ported sad imagery between any of the experimental hand holding
conditions (F (2, 62) = 0.52, p = .60, partial eta-squared = .016).
Further, a majority of the participants (72%) reported that they were
most comforted when holding their partner’s hand, as compared to
holding a stranger’s hand or being alone (x2(2) =226, p < 0.001).

3.1. Neural responses

3.1.1. Alone

When being alone in the scanner, sad (> neutral) mental imagery
increased neural reactivity within the majority of our a priori ROIs,
including the dorsal striatum (Fig. 1, Z = 4.5, p < 0.0001, 1359 mm?;
Z=4, p < 0.008, 515mm? Z = 3.6, p = 0.049, 78 mm?>), medial
(Z =5.6,p < 0.0001, 1750 mm®) and inferior orbitofrontal (Z = 4.7,
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p = 0.008, 468 mm?®) cortices, superior medial frontal cortex (Z = 5.1,
p < 0.0001, 5703 mm?®), anterior (Z = 4, p = 0.008, 421 mm®) and
posterior (Z = 4.4, p = 0.001, 703 mm?®) cingulate cortices, cerebellum
(Z=5.5, p < 0.0001, 6531 mm> Z =46, p=0.047, 437 mm?>,
Z = 3.7, p = 0.01, 687 mm? for right; Z = 4.9, p = 0.015, 641 mm®
and Z = 4.7, p = 0.008, 1500 mm? for left), and the thalamus (Z = 4.4,
p < 0.0001, 937 mm?®) (Table 1), but not in the insula. Exploratory
whole-brain analyses showed additional enhanced reactivity in the left
precuneus (Z = 4.9, p < 0.0001, 3828 mm®), middle temporal pole
(Z=4.6, p < 0.0001, 5953 mm>®) and angular gyrus (Z = 4.6,
p < 0.0001, 3546 mm®), and in the right middle temporal gyrus
(Z =4.9,p < 0.0001, 4187 mm?), and decreased reactivity in the right
middle frontal gyrus (Z = 4.8, p = 0.006, 1250 mm?®). In addition, vi-
vidness of the sad imagery was positively related to the reactivity of the
bilateral dorsal striatum cluster (left: r = 0.53, p = 0.001; right:
r = 0.56, p = 0.001), right cerebellum (r = 0.38, p = 0.03) and nega-
tively related to the right middle frontal gyrus (r= -0.43, p = 0.01).
For the subsequent comparisons we focused on brain areas differ-
entiating between sad and neutral imagery in the Alone condition.

3.1.2. Alone vs Partner

Holding hands with one’s partner relatively to being alone uni-
formly dampened neural reactivity during sad imagery in the right
dorsal striatum (Fig. 1, Z = 4, p = 0.015, 93 mm?), right middle tem-
poral gyrus (Z = 4.3, p = 0.04, 203 mm?®), and left cerebellum (Z = 3.,
p = 0.025,78 mm?) (Table 1). We could not confirm a relation between
the dampened neural response and attachment anxiety or avoidance
(all 's < = 0.24, all p’s > 0.09).

3.1.3. Alone vs Stranger
We did not detect any difference in reactivity to sad mental imagery
when being alone than when being accompanied by a stranger, Fig. 1.

3.1.4. Partner vs Stranger

A cluster within the dorsal striatum (Z = 3.6, p = 0.047, 78 mm®)
showed lower reactivity to sad mental imagery when holding hands
with one’s partner than when holding the hand of a stranger (Table 1).
No relation between reactivity difference in the dorsal striatum and
attachment security was detected (r = 0.06, p = 0.39 for avoidance and
r=-0.03, p = 0.44 for anxiety).

The gPPI analyses failed to reveal any differential connectivity of
the dorsal striatum when holding hands with the partner as compared
to with a stranger.

4. Discussion

In this fMRI study, we investigated the neural correlates of sad
mental imagery and the regulating effects of holding hands with one’s
romantic partner. During imagery of a recently deceased loved one, we
found enhanced reactivity in multiple brain regions previously reported
to be involved in sad mental imagery, including the dorsal striatum,
cerebellum and middle temporal gyrus [3,5,8]. We then showed that
holding hands with one’s partner provided subjective comfort and at-
tenuated neural reactivity in these brain regions, without affecting the
vividness of the mental imagery. Holding the hand of a stranger,
however, was not as effective in reducing discomfort and neural re-
activity, supporting the specific role of an attachment figure in pro-
viding social support.

The attenuating effects of partner support on brain activity during
sad mental imagery are in accordance with studies showing regulation
of threat and pain-related neural activity by one’s partner [12-15]. Our
findings indicate a key role for the dorsal striatum in sad mental ima-
gery and its regulation by one’s partner, as initially increased reactivity
to sad mental imagery was dampened by partner hand holding but not
by holding hands with a stranger. Previous work on social regulation of
neural responses to threat and emotional stimuli have also reported
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Fig. 1. Neural reactivity in the dorsal striatum. Increased neural reactivity in the dorsal striatum for sad (> neutral) mental imagery when being alone (left, plane
z = 17.5) was dampened by holding hands with one’s partner (middle, plane z = 17.5) but not with a stranger (right, plane z = 12.5). Statistical parametric maps
overlaid on standard Montreal Neurological Institute (MNI) anatomical template. Z plane in MNI space. Colorbar represents t-values.

Table 1
Neural reactivity to sad (vs neutral) imagery.
Z cluster p- Volume®  x y z¢
value (fwe)®
Reactivity
Increased in Alone
medial orbitofrontal cortex, 5.6 < 0.0001 1750 -2 58 -10
left
cerebellum, right 5.5 < 0.0001 6531 28 —-80 -—-30
4.6 0.047 437 8 -50 -—40
3.7 0.01 687 -7 -67 -—10
cerebellum, left 49 0.015 641 —-12 —-47 —-40
4.7 < 0.0001 1500 16 3 18
superior medial frontal 5.1 < 0.0001 5703 -7 56 33
cortex, left
middle temporal gyrus, right 4.9 < 0.0001 4187 56 -2 -25
precuneus, left 4.9 < 0.0001 3828 1 -65 35
inferior orbitofrontal cortex, 4.7 0.008 468 41 31 -15
right
middle temporal pole, left 4.6 < 0.0001 5953 —45 16 -30
angular gyrus, left 4.6 < 0.0001 3546 -52 -=70 30
dorsal striatum (caudate), 4.5 < 0.0001 1359 13 3 18
right
dorsal striatum (putamen), 3.6 0.049 78 26 6 3
right
dorsal striatum (caudate), 4 0.008 515 —-15 -7 23
left
thalamus, right 4.4 < 0.0001 937 6 -10 13
posterior cingulate, left 4.4 0.001 703 -5 -52 33
anterior cingulate cortex, 4 0.008 421 8 48 13
right
Decreased in Alone
middle frontal gyrus, right 4.8 0.006 1250 43 48 -3
Partner < Alone
middle temporal gyrus, right 4.3 0.04 203 58 -12 -20
dorsal striatum (caudate), 4 0.015 93 13 6 18
right
cerebellum, left 3.8 0.025 78 —-10 -50 -—-40
Stranger vs Alone
ns.
Partner < Stranger
dorsal striatum (putamen), 3.6 0.047 78 26 1 13
right

acluster-defining threshold p < 0.001 ® volume in mm® rounded to nearest
decimal, voxel size isotropic 2.5 mm € peak voxel coordinates in MNI space.

involvement of the dorsal striatum. Both our recent study on social
support during viewing pictures of deceased loved ones, performed in
the current sample, and Coan et al.’s [12] study on threat-related neural
activity found general attenuating effects in the dorsal striatum from
hand holding. In contrast to the present findings, these effects were not
specific to holding hands with one’s partner. In line with a generally
dampening effect from social support, we here and also in our previous
study found attenuated reactivity in the cerebellum during holding

hands with one’s partner, an effect that did not differ from holding
hands with a stranger. Indeed, the cerebellum is involved in many
different processes, for example, regulation of emotional responses
[33], which would be in agreement with the concomitant reductions in
discomfort seen here. The lack of overlap in other brain areas in re-
sponse to social support during sad mental imagery compared to picture
viewing is intriguing. We can only speculate to the reasons, but suggest
that it may be an effect of the different tasks. The pictorial stimulus is
very brief, automatically presented to the participant, and assesses an
immediate brain response to the image of a deceased loved one. The
mental imagery, on the other hand, has a longer duration, is voluntarily
performed by the participant, and potentially reflects a more stable
emotional state. Whereas both tasks seem to recruit overlapping brain
networks (e.g. the dorsal striatum, ACC, cerebellum, prefrontal cortex),
there are also differences. Indeed, in agreement with a rapid response,
the pictures activated the salience network (insula-ACC), which was not
detected in the longer mental imagery task. The insula and the insula-
ACC connectivity also differentiated partner from stranger support
when viewing pictures. Thus, the neural underpinnings of emotional
support from the partner differed between the two tasks. Mental ima-
gery involved the dorsal striatum, whereas viewing pictures was related
to the salience network. The emotional effect of seeing the deceased
loved one is also potentially different from the mental imagery task
where participants were instructed to emotionally re-experience the sad
episode of finding out their loved one had passed away. Both tasks can
thus evoke sad emotions but its related processing and resulting reg-
ulation seems to be mediated by only partially overlapping areas of the
same brain network. Further research into these differences and com-
monalities is warranted. Taken together, we here extend previous
findings of neural underpinnings of social support by demonstrating
specific partner-dependent neural attenuation in the dorsal striatum in
response to sad mental imagery.

Interestingly, the dorsal striatum has a key role in the formation of
human attachment relations [18]. From this perspective, our findings of
increased dorsal striatal reactivity to both sad imagery (here) and when
viewing a picture of the deceased loved one [16] may mirror activation
of the attachment-related separation distress mechanisms triggered by
being reminded of the loss of this person [e.g. 34]. The positive asso-
ciation in the present study between dorsal striatal reactivity and the
imagery vividness when being alone may be taken as support for this
argument. It should be noted that we found no relation between re-
activity in the dorsal striatum and attachment security, indicating that
activity in the dorsal striatum may reflect a more general attachment
process, rather than mapping on differences in perceived quality of the
attachment relationship.

Moreover, social support from one’s partner provided subjective
comfort without reducing vividness. This suggests that partner presence
regulated emotional and neural responses by other processes than mere
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distraction, although we cannot rule out contributions of attention. In
the context of attachment theory, such a process could be related to
receiving comfort from another attachment figure, i.e. the romantic
partner, thus dampening the separation distress response from the de-
ceased loved one [35]. Here, the dampening effect was partner-specific,
further strengthening the importance of attachment figures in this
process.

Furthermore, intrusive negative mental imagery is prevalent in the
grieving process [6,7]. In persistent forms, this may cause substantial
subjective distress and reduce quality of life. Our results suggest that
social support in the form of hand holding with one’s romantic partner,
can attenuate sad imagery-related neural reactivity and distress and
may thus be able to lessen the burden of grief both subjectively and
neurally. Although physical presence and support of the partner seems
to be crucial in such situations, future investigations should also focus
on other types of social support in response to situations when the
partner is physically unavailable. Such support could involve for ex-
ample active imageries of the partner, partner’s voice support via tel-
ephone or other reminders of the partner, e.g. pictures.

Some limitations of the study should be noted. The sad imagery was
for obvious reasons not standardized, and for each participant resulted
in unique experiencing, possibly introducing enhanced variability in
the response. This would most likely act to reduce and not enhance
statistical differences between the two types of imageries. Next, we
asked participants which condition that was most comforting, but did
not collect measures of subjective feelings of sadness during the dif-
ferent conditions. This allowed us to link neural attenuation to per-
ceived comfort but not to sadness. Based on observations of participants
(e.g. crying), we do however believe that our task did induce sadness, in
agreement with previous studies investigating imagery related to the
death of a loved person [3,5,8]. Lastly, we did not collect any in-
formation about the support that the partners provided during the event
of the loss and in the following mourning period. Individual differences
in support or partner involvement in the grieving period may add noise
to the data. Nonetheless, we did find that partner support attenuated
discomfort.

To summarize, we showed that sad mental imagery of a recently
deceased loved one induced neural reactivity in multiple brain areas
including the dorsal striatum. Holding hands with one’s partner atte-
nuated neural reactivity and provided emotional comfort but did not
affect vividness of the mental imagery. Our findings support an im-
portant role for the dorsal striatum in emotional mental imagery and
attachment-related regulation of subjective feelings and neural activity.
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