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Abstract
Rationale  Emotion regulation (ER) difficulties have been previously described in bipolar disorder (BD). Whilst lithium has been 
shown to be effective in the treatment of BD, the mechanisms underlying lithium’s effect on mood stabilisation remain unclear.
Objectives  Unravelling lithium’s effect on psychological processes impaired in BD, such as ER, could address this transla-
tional gap and inform the development of new treatments.
Methods  This study investigated the neural effects of lithium (800mg) on ER in 33 healthy volunteers in a double-blind 
between-groups design, randomised to lithium (n=17) or placebo (n=16) for 11 days. At treatment completion, participants 
underwent 3-Tesla fMRI scan whilst performing an ER task.
Results  Reappraisal reduced negative affect across groups and led to the expected increase in frontal brain activity. Participants 
receiving lithium showed (1) decreased activation in prefrontal and posterior parietal cortices and connectivity between the 
fronto-limbic network (Z>2.3, p<0.05 corrected); and (2) increased activity in the right superior temporal gyrus (Z>3.1, p<0.05 
corrected) and connectivity between the right medial temporal gyrus (MTG) and left middle frontal gyrus (Z>2.3, p<0.05 
corrected) during reappraisal. Further effects of lithium were found in response to negative picture presentation, whereby an 
anticorrelation was found between the left amygdala and the frontal cortex, and greater connectivity between the right MTG and 
the bilateral medial prefrontal cortex extending into the paracingulate gyrus, compared to placebo (Z>2.3, p < 0.05 corrected).
Conclusions  These results show a potential effect of lithium on ER through its effects on activity and connectivity, and further 
elaborate the neural underpinnings of cognitive reappraisal. Future work should investigate longer term effects of lithium on 
ER in BD, ultimately benefitting the development of novel and more effective treatments.
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Introduction

Bipolar disorder (BD) is characterised by recurrent epi-
sodes of depression and mania/hypomania, affecting not 
only mood, but motivation, cognition, and behaviour (APA 

2022). Lithium has shown to be effective in reducing the 
occurrence of such episodes (Licht 2012; Won and Kim 
2017) in addition to having anti-suicidal, neurotrophic, and 
neuroprotective effects, making it the main treatment for BD 
since its effects were reported 60 years ago (Alda 2015). 
Recent efforts to understand its neurochemical properties 
have yielded several pharmacological pathways whereby 
lithium exerts its mood-stabilising effects including inositol 
depletion and GSK inhibition. However, the translation of 
these neurochemical effects to mood-stabilisation remains 
unclear. Understanding this translational gap is motivated 
by a desire to further elaborate on the underlying pathogen-
esis of BD; assist in the prediction of patients’ response to 
lithium treatment (Licht 2012); and an imperative need to 
develop novel and more effective treatments for the disorder, 
given that two out of three patients show a poor response 
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(Hui et al. 2019), or do not respond at all (Won and Kim 
2017) to mood stabilising medication.

Theoretical models of BD propose emotional 
regulation (ER) difficulties to contribute to its underlying 
psychopathology. These difficulties are proposed to lead 
to emotional extremes and mood dysregulation, ultimately 
giving rise to its characteristic pathological mood states (i.e. 
mania and/or depression) (Townsend and Altshuler 2012; 
Johnson et al. 2016; Brady et al. 2016; Li et al. 2019). ER 
allows the modulation of one’s response to emotional stimuli 
(Townsend and Altshuler 2012), with the fronto-limbic 
network implicated in such an effort (Dixon et al. 2017). This 
network comprises cortical regions including the anterior 
cingulate cortex (ACC), medial prefrontal cortex (mPFC), 
ventrolateral prefrontal cortex (vlPFC) and insula, and limbic 
regions including the amygdala and striatum (Townsend and 
Altshuler 2012; Zhang et al. 2018b). Evidence from structural 
and functional neuroimaging studies suggest a disruption in 
the fronto-limbic network may underlie ER difficulties in BD 
(Benedetti et al. 2011; Strakowski et al. 2012; Radaelli et al. 
2015). Structurally, greater amygdala volumes (Phillips et al. 
2008; Townsend et al. 2013), grey matter (GM) reductions in 
cortical areas such as the ACC (Malhi et al. 2013; Won and 
Kim 2017; Chen et al. 2018; Kato 2019), and disruption of 
superior white matter affecting prefrontral areas (i.e. dlPFC, 
vlPFC, and mPFC) and left parietal cortex (Zhang et al. 
2018b) have been described in BD when compared to healthy 
controls. Functionally, ER difficulties in BD have been studied 
employing an ER paradigm that uses reappraisal as a strategy 
to regulate one’s emotions to disturbing stimuli. This strategy, 
whereby an individual consciously attempts to reinterpret the 
processed stimulus to reduce its emotional effect, is one of the 
most common and successful strategies for ER (Buhle et al. 
2014). In healthy individuals, reappraisal recruits domain-
general cognitive control areas, namely anterior PFC, dlPFC, 
vlPFC, and the dorsomedial prefrontal cortex (dmPFC), in 
addition to posterior parietal areas (i.e. angular gyrus (AG), 
supramarginal gyrus, and superior parietal lobe) involved in 
attentional processes (Ochsner et al. 2002; Phan et al. 2005; 
Buhle et al. 2014). These areas are then hypothesized to either 
(1) recruit the ventromedial prefrontal cortex (vmPFC) to 
modulate regions involved in emotional processing, such 
as the amygdala (Diekhof et al. 2011), or (2) engage lateral 
temporal regions (i.e. superior and medial temporal gyrus), 
associated with language processing, to alter the semantic 
and perceptual meaning of the stimulus, ultimately changing 
its emotional significance (Ochsner et al. 2012; Buhle et al. 
2014). In patients with BD, reappraisal of negative stimuli 
is characterised by decreased bilateral activation in vlPFC, 
anterior and posterior cingulate cortex, and dlPFC, as well 
as medial frontal gyrus when compared to healthy controls 
(Townsend et al. 2013). Additional evidence shows weaker 

dlPFC-amygdala connectivity, which might reflect failure of 
prefrontal areas to engage in effective ER (Zhang et al. 2018a, 
2020). Overall, structural deficits due to GM reductions in 
the ACC, together with disruption of superior white matter 
affecting key areas for ER, have been hypothesised to be 
linked to ER impairments in BD (Benedetti et al. 2011).

Unravelling lithium’s effect on core psychological pro-
cesses impaired in BD, such as ER, can further elaborate on 
the mechanisms whereby lithium leads to mood stabilisa-
tion in the disorder. Here we used an experimental medicine 
approach with healthy volunteers which allowed the direct 
assessment of lithium’s effects unconfounded by changes in 
clinical symptomology. The present study therefore assessed 
brain activity as well as an explorative analysis of connec-
tivity during ER in healthy participants administered either 
lithium or placebo for 10–12 days in a double-blind ran-
domised design. It was hypothesised that:

(1)	 lithium would increase activation in PFC and posterior 
parietal areas during active reappraisal (enhanced cogni-
tive control) and/or decrease activation in amygdala and 
temporal regions (decreased emotional reactivity) and

(2)	 lithium treatment would result in greater connectivity 
between critical nodes of this network, in line with the 
proposed effects on ER.

Methods

Participants

Thirty-six healthy participants (18 males, aged 18–31) 
were recruited through advertising. Following the local 
ethics committee guidelines (NRES committee South cen-
tral–Oxford REC B 10/H0605/71), written and oral con-
sent was obtained. Participants had a body mass index of 
19–30, were physically fit as assessed by a medical doctor, 
and had normal laboratory values of thyroid and renal func-
tion. Additionally, females tested negative on a pregnancy 
test and were using two forms of contraception. Participants 
were excluded if they took any psychotropic medication, 
had any past or current psychiatric including mood and 
anxiety disorders, had any medical contra-indication (see 
the Supplementary Material), had current or past history of 
drug or alcohol dependency, smoked more than 5 cigarettes 
a day, had dyslexia, had any contra-indication to magnetic 
resonance imaging (MRI) scanning, or were left-handed. A 
total of 3 participants were further excluded from the experi-
ment and/or analysis due to treatment non-compliance (1x), 
unexpected adverse effect (1x; reported anxiety increase), 
and incomplete MRI session (1x), leaving a total of 33 par-
ticipants for analysis.
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Experimental design and procedure

The present study followed a double-blind randomised 
design (as previously reported in Volman et al. 2021). An 
independent qualified researcher performed the randomisa-
tion on a 1:1 ratio for treatment (placebo/lithium) and gender 
(male/female). Lithium (“Priadel” prolonged release tablet) 
or placebo were administered orally at night for 11 days (±1 
day) on identical capsules. Lithium dosage was increased 
on a gradual fashion (day 1: 400 mg; day 2: 600 mg; days 
3–11: 800 mg) following previous procedures (Kohno et al. 
2007; Monkul et al. 2007) to achieve steady state during the 
testing sessions.

As previously described in Volman et al. (2021), par-
ticipants visited the lab on three occasions. The initial 
assessment comprised a medical and psychiatric screen-
ing, as well as a blood drawing for testing thyroid stimu-
lating hormone and creatine. Eligible participants were 
then asked to return for a baseline assessment in which 
the Beck Depression Inventory (BDI) (Beck et al. 1961), 
State-Trait Anxiety Inventory (STAI; (Spielberger 1983), 
Mood Disorder Questionnaire (MDQ; Hirschfeld et al. 
2000), National Adult Reading Test IQ Scale (Nelson 
and Willison 1982), Eysenck Personality Questionnaire 
(Eysenck and Eysenck 1975), and Emotion Regulation 
Questionnaire (ERQ; Gross and John 2003) were com-
pleted. Females were additionally required to take a preg-
nancy test at this stage. Upon completion, participants 
received the full treatment (lithium/placebo), the Befind-
lichskeit scale (BFS; Pichot and Olivier-Martin 1974), the 
Positive and Negative Affect Scale (PANAS; Tran 2013), 
the Bond and Lader Visual Analogue Scales (Bond and 
Lader 1974), and side-effects questionnaires, which had to 
be filled each day during treatment. Participants were con-
tacted on days 3 and 5 to ensure no treatment side effects 
and check appropriate compliance of the dosage regimen. 
Following the last treatment day, participants returned for 
testing. Blood was drawn to monitor lithium levels and 
participants underwent a behavioural and MRI session that 
lasted approximately 120 min. In the behavioural session, 
the BDI, STAI state, and MDQ as well as a battery of tasks 
(reported elsewhere) were completed. In the MRI session, 
functional and structural data were acquired whilst par-
ticipants completed the ER task, the monetary incentive 
delay task (Volman et al. 2021), the checkerboard control 
task (Volman et al. 2021), and an MR spectroscopy scan 
(not included here).

Tasks

An adaptation of the original ER paradigm (Phan et al. 
2005), previously used by Reinecke et al. (2015), was 

employed. In the task, participants were presented with 
8 blocks of 5 negatively valenced images in each block 
(mean valence rating of 2.8±1.7, mean arousal ratings of 
6.0±2.2 on 9-point Likert scales from 1=unpleasant/low 
arousal to 9=pleasant/high arousal) to which they were 
instructed to alternatively maintain (naturally experience 
the emotional state evoked), or reappraise (downregulate 
the provoked negative affect) through cognitive reap-
praisal. Employment of cognitive reappraisal was trained 
prior to the scan session. Following each block, partic-
ipants had to rate on a 4-point rating scale (1=neutral; 
4=negative) the intensity of the negative affect experi-
enced. A more detailed description of the task as well as 
an illustrative figure can be found in supplementary mate-
rial (Figure S1 supplementary material). Valence, arousal 
ratings, and scene content matched between conditions and 
the order of the pictures within each condition remaining 
constant across all participants. The total duration of the 
task was of approximately 10 min.

A checkerboard control task (CCT: see Volman et al., 
2021) was used to control for treatment-related possible 
cofounders on brain activation.

MRI acquisition

Bold-oxygenation-level-dependent (BOLD) functional MRI 
(fMRI) data was acquired on a 3-Tesla MRI scanner (Magnetom, 
Siemens Medical systems) with a 32-channel head coil. Func-
tional images during the ER task consisted of 45 T2-weighted 
echoplanar imaging (EPI) slices (TR=3000ms, TE=30ms, flip 
angle=90°, field of view=192 mm, voxel size=3×3×3mm, 
200 volumes, acquisition time (TA)=10 min, 6 s). Functional 
images during the CCT consisted of 45 T2-weighted EPI slices 
(TR=3000 ms, TE=30 ms, flip angle=87°, field of view=192 
mm, voxel size=3×3×3mm, 120 volumes, TA=6 min, 6 s). 
Additionally, fieldmaps volumes (magnitude and phase dif-
ference images) were acquired (echos at 5.19 and 7.65 ms, 
TR=488, flip angle=60°) to capture the inhomogeneities in the 
magnitude field. Structural scans were acquired via T1-weighted 
MR images (TR=2040 ms, TE=4.7 ms, flip angle=8°, field of 
view=192 mm, voxel size=1×1×1 isotropic, TA=5 min, 56 s).

Analysis of fMRI data

Data were analysed using FSL (FMRIB Software Library 
v6.05; www.​fmrib.​ox.​ac.​uk/​fsl). Structural anatomical scans 
were brain extracted using FSL’s Brain Extraction Tool 
BET (Smith 2002). Fieldmap magnitude images were brain 
extracted by first registering these to their high-resolution 
structural images, inversing the created matrix, applying 
such matrix to the brain extracted structural mask with 
FMRIB’s Linear Registration Tool (FLIRT) (Jenkinson and 

http://www.fmrib.ox.ac.uk/fsl
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Smith 2001; Jenkinson et al. 2002), and applying this mask 
to the whole brain magnitude image. These were then used 
to create a fieldmap rads image with the fieldmap phase dif-
ference image using the fsl_fieldmap_prepare tool.

Pre-processing of each participant’s functional data 
was done with FEAT (FMRI Expert Analysis Tool), part 
of FSL. This included motion correction using MCFLIRT 
(Jenkinson et al. 2002); spatial smoothing using Gaussian 
kernel of full width at half maximum 5mm; grand-mean 
intensity normalisation of the entire 4D dataset by a single 
multiplicative factor; high-pass temporal filtering of the 
functional timeseries at 90s; fieldmap distortion correction 
(Jenkinson 2003, 2004); registration of the functional images 
to their high-resolution structural images with Boundary-
Based Registration using FLIRT (Jenkinson and Smith 
2001); and registration of the structural images to Montreal 
Neurological Institute (MNI)-152 standard space using 
linear registration with 12 degrees of freedom (DOFs), 
further refined using FNIRT non-linear registration with 
10-mm resolution (Andersson et al. 2007a, b).

Regarding the ER task, lower-level analysis was carried 
out to observe within-subject differences in brain activity 
across the two conditions by including the following con-
trasts: (1) maintain vs. baseline (M>B) to identify brain 
regions active when asked to naturally experience the emo-
tion elicited; (2) reappraise vs. baseline (R>B) to identify 
brain regions active during voluntary suppression of nega-
tive affect using reappraisal techniques; (3) reappraise vs. 
maintain (R>M) to identify brain regions with greater 
activation when reappraising as compared to maintain; (4) 
maintain vs. reappraise (M>R) to identify brain regions with 
greater activation whilst maintaining as compared to reap-
praise; and (3) overall picture blocks vs. baseline (M+R>B), 
to identify brain regions activated in response to negative 
images.

A custom 3-column format convolved with a gamma 
haemodynamic response function and its temporal derivative 
were used to model the data. Time-series statistical analysis 
was carried out using FILM with local autocorrelation cor-
rection (Woolrich et al. 2001). Motion traces detected by 
MCFLIRT were included in the model as nuisance regres-
sors to account for motion. Differences between groups in 
absolute and relative motion were tested for using Mann-
Whitney non-parametric analysis. Groups did not differ in 
absolute nor relative motion (all U’s>94, all p’s >0.130).

In the higher-level analysis for the ER task, the contrast of 
parameter estimates (COPEs), their variance (VARCOPEs) 
and DOFs from the lower-level analysis were introduced into 
the analysis. Using a mixed-effects analysis with FLAME1+2 
across the whole brain, the following contrasts were 
analysed: (1) placebo>lithium (1, −1); (2) lithium>placebo 
(−1, 1); and (3) mean activation and deactivation across both 
treatment groups (1, 1; −1, −1). Due to lithium’s potential 

to promote GM changes, GM images of each participant 
were extracted using FMRIB’s Automated Segmentation 
tool (Zhang et  al. 2001). These were then registered to 
standard space, smoothed to match the intrinsic smoothness 
of the fMRI data (2.63mm), voxel-wise demeaned across all 
subjects, and added to the general linear model (GLM) of 
the ER task to remove any potential structural differences 
explaining the BOLD contrast differences. Significant 
activations were identified using cluster-based thresholding 
of statistical images with a height threshold of Z>3.1 and 
a family wise error (FWE)-corrected cluster significance 
threshold of p<0.05. Clusters thresholded at Z>2.3 p<0.05 
were also reported for completeness and to compare the 
present results with previous studies using this less stringent 
statistical threshold (Worsley 2001). See Volman et al. (2021) 
for details on CCT analysis.

Small volume correction (SVC) analysis was performed 
using several regions of interests (ROIs) known to be 
involved in emotional processing and cognitive reappraisal 
focused on the amygdala, vmPFC, vlPFC, and middle tem-
poral gyrus (MTG). Bilateral amygdala’s anatomical masks 
were created using the probabilistic map thresholded at 50 
provided by the Harvard-Oxford Structural Atlas in FSL. 
Spherical masks of 10-mm radius were created for the 
bilateral vmPFC, vlPFc, and MTG using coordinates previ-
ously reported (Buhle et al. 2014; right vmPFC: x=6, y=40, 
z=−20; left vmPFC; x=−6, Y=40, z=−20; right MTG: 
x=56, y=−32, z=0; left MTG: x=−56, y=−32, z=0; Kohn 
et al. 2014: right vlPFC x=50, y=30, z=−8; left: x=−42, 
y=22, z=−6). Significant activations were identified using 
cluster-based thresholding of statistical images with a height 
threshold of Z>3.1 and a FWE-corrected cluster significance 
threshold of p<0.05.

Exploratory connectivity analysis was performed to investi-
gate a seed ROIs’ relationship with other brain areas through-
out the task using psychophysiological interactions analysis in 
FSL (O’Reilly et al. 2012). PPI detects task-specific increases 
in the relationship between a seed region of interest and the 
rest of the brain, measured in terms of the strength of regres-
sion of activity in one region on another. However, there is 
no implication that the seed region is the driver rather than 
the driven area, or whether the connection is direct, rather 
than mediated by other areas (O’Reilly et al. 2012). vmPFC 
and MTG masks for this analysis were based on the Harvard-
Oxford atlas as well. Standard masks were first transformed 
into individual’s standard space, then thresholded (0.5 simi-
lar to SVC task analysis) and binarized. Time-series of each 
mask were extracted and entered in the lower-level analysis 
as a regressor to identify voxels where a significant effect 
is explained by such regressor. Task regressors were added 
(maintain, reappraise and instructions), in addition to the 
interaction between the masks’ time-series and the task con-
ditions (maintain × mask time-series and reappraise × mask 
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time-series). Contrast images were introduced in the higher-
level analysis to identify brain differences in connectivity 
across treatment groups. Significant activations were identi-
fied using cluster-based thresholding of statistical images with 
a height threshold of Z>3.1 and Z>2.3 and a FWE-corrected 
cluster significance threshold of p<0.05. BOLD parameter 
estimates of significant whole-brain or ROIs interactions were 
further explored plotted for visual inspection.

Statistical analysis

Statistical analysis was performed with IBM SPSS 22 Soft-
ware, with significant levels set at p<0.05. Between-group dif-
ferences on the sample’s tendency for ER (ERQ questionnaire) 
were analysed with an independent samples T-test after testing 
for normality. Treatment-derived differences on self-reported 
ratings of negative affect experienced throughout the task were 
further analysed with a mixed-model ANOVA, within-subject 
factor condition (maintain vs. reappraise), and between-subject 
factor treatment (lithium vs. placebo). Post hoc analysis of the 
ANOVAs was carried out with pairwise comparisons.

Results

Demographical characteristics and questionnaire 
measures

Sociodemographic, clinical, and personality characteristics 
of participants of the final sample (n=33) can be found in 
Table 1. Both groups had higher scores in the ERQ-reappraise, 
indicating that reappraisal was their usual technique for ER 
in daily life. As previously reported in Volman et al. (2021), 
no significant time by treatment interactions were identified 
in the BDI, STAI-state, and MDQ questionnaires. Similarly, 
no significant group differences in the change in side effects, 
visual-analogue scale, PANAS, and BFS scores were found.

Lithium levels

Participants in the lithium group had significantly higher lev-
els of lithium in their serum (p <0.001, t(31)=11.309; mean 
lithium=0.7, SD=0.2; mean placebo=0, SD=0) as reported 
in Volman et al. (2021). This ensures treatment compliance in 
this group and was within the optimal serum levels of lithium 
in BD maintenance treatment (Volkmann et al. 2020).

Affective ratings

Analysis of the affect ratings showed a significant condition 
effect (F(1)=37.629, p<0.001, ηp2=0.565). That is, during 

maintain blocks (mean=2.545, SD=0.113), negative affect 
ratings were significantly higher than during reappraisal 
blocks (mean=1.849, SD=0.112; M-R difference=0.697) 
across treatment groups. These results show that participants 
successfully implemented cognitive reappraisal, reducing 
the negative affect elicited by negative stimuli. No signifi-
cant effect of treatment nor treatment by condition interac-
tion arose (all F’s>1.5, p’s<0.250).

fMRI

Whole‑brain analysis

Main effect of task (reappraise vs. maintain, across 
groups)  In order to identify which brain regions were dif-
ferentially activated between conditions, maintain and reap-
praise conditions were compared across both groups. Signifi-
cant brain activations were observed in a network of areas 
reported previously (Ochsner et al. 2002; Phan et al. 2005; 
Reinecke et al. 2015). Reappraisal increased activation in 
bilateral ACC, anterior PFC, supplementary motor cortex, 
dmPFC, dlPFC, vlPFC, lateral orbitofrontal cortex (OFC), 
insular cortex, temporoparietal junction, superior and mid-
dle temporal gyrus, lateral occipital cortex, occipital cortex, 
cerebellum, thalamus, pallidum, caudate, and left supramar-
ginal gyrus (Table S1 supplementary material; Fig. 1 a, b). 
Together, these findings confirm this task engaged brain 
regions pertaining to a network implicated in ER.

Table 1   Demographic and clinical characteristics of the sample

N sample, (f/m) female-to-male ratio, SD standard deviation, NART​ 
National Adult Reading Test, BDI Beck Depression Inventory, STAI 
State-Trait Anxiety Inventory, EPQ Eysenck Personality Question-
naire, MDQ Mood Disorder Questionnaire

Demographics
  N (f/m) 16 (8/8) 17 (9/8)
  Age 21.81 (3.60) 21.88 (2.67)
  Years in education 15.69 (1.08) 16.00 (1.66)

Baseline clinical measures.
  NART​ 117.11 (5.08) 117.38 (3.79)
  BDI 1.06 (1.88) 2.76 (4.09)
  STAI-trait 29.25 (5.71) 31.65 (8.69)
  STAI-state 26.94 (5.07) 31.47 (9.74)
  EPQ-neuroticism 3.31 (3.09) 6.24 (4.96)
  EPQ-psychoticism 2.44 (1.99) 2.12 (1.32)
  EPQ-lie/social desirability 6.94 (2.96) 8.35 (2.94)
  EPQ-extraversion 16.31 (3.07) 14.24 (4.68)
  MDQ 1.94 (2.49) 2.59 (2.94)
  ERQ-reappraise 30.80 (4.53) 30.64 (3.17)
  ERQ-supress 11.93 (3.75) 15.29 (6.37)
  Lithium levels 0.7 (0.2) 0 (0)
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Group × task interaction (reappraise vs. maintain; placebo vs. 
lithium)  A preliminary whole brain analysis at Z>2.3, p < 
0.05 corrected, revealed reduced BOLD activation in three 
separate clusters: the left AG extending towards supramar-
ginal gyrus (421 voxels, Zmax = 3.84, MNI x=−46, y=−52, 
z=40, p=0.002); the left anterior PFC (303 voxels, Zmax 
= 4.45, MNI x=−24, y=58, z=−8, p=0.019) and the right 
superior frontal gyrus (269 voxels, Zmax = 3.89, MNI x=20, 
y=26, z=60, p=0.038), in those receiving lithium compared 
to placebo, when cognitive strategies of reappraisal were 
implemented compared to passively viewing the pictures 
(maintain condition; Fig. 1 c, d, e). There were no significant 
differences between the placebo and lithium group for any of 
the other contrasts (maintain greater than baseline, suppress 
greater than baseline and mean of maintain and suppress = 
aversive picture blocks greater than baseline).

No significant group differences were found for negative 
pictures > baseline (M+R>B) at the whole-brain level.

SVC analysis

Main effect of task (Z > 3.1, p < 0.05 corrected; reappraise 
vs. maintain; across groups)  Across groups, the reappraisal 
condition increased activity in bilateral amygdala and bilat-
eral MTG extending into superior temporal gyrus (Table S2 
supplementary material) compared to maintain. No signifi-
cant findings in bilateral vmPFC were seen.

Group × task interaction (Z > 3.1, p < 0.05 corrected; reap‑
praise vs. maintain; lithium vs. placebo)  There was a signifi-
cant group × task interaction in the right MTG extending 
into superior temporal gyrus (cluster: 19 voxels, MNI x=52, 
y=−32, z=4, Zmax =4.33, p=0.0058). That is, participants 
in the lithium group showed significant increased activation 
in the right superior temporal gyrus when reappraising rela-
tive to maintain, compared to placebo (Table S2 supplemen-
tary material). No significant findings in other ROIs arose.

No significant group differences were found for negative 
pictures > baseline (M+R>B) for any of the ROIs.

Connectivity analysis

Main effect of task (Z > 2.3, p < 0.05 corrected; reappraise 
vs. maintain, across groups; Fig. 2)  Activity in the right 
amygdala during reappraisal significantly correlated with 
deactivation (negative mean maintain and suppress) in the 
left lateral occipital cortex/superior + inferior parietal lob-
ule extending into MTG (cluster: 1821 voxels, MNI x=−24, 
y=−84, z=30, Z=3.75, p<.001), right lateral occipital 

cortex/inferior parietal lobule extending into bilateral intra-
calcarine cortex, MTG, AG, and left precuneous cortex 
(cluster 1455 voxels, MNI x=40, y=−76, z=24, Z=3.99, 
p<0.001), right precentral gyrus extending into middle fron-
tal gyrus (Brodmann area (BA) 6 + 9) (cluster: 302 voxels, 
MNI x=40, y=−4, z=46, Z=3.22, p=0.0099).

In addition, activity in the left amygdala was significantly 
correlated with deactivation in the right lateral occipi-
tal cortex (cluster: 285 voxels, MNI x=34, y=−78, z=28, 
Zmax=3.18, p=0.0213) and left lateral occipital cortex, 
extending into the occipital pole and superior parietal lobule 
(cluster: 257 voxels, MNI x=−24, y=−86, z=34, Zmax=3.46, 
p=0.0389). Activity in the right vmPFC was significantly 
correlated with deactivation in the left medial PFC to the 
vmPFC and paracingulate gyrus during reappraisal (cluster: 
620 voxels, MNI x=−16, y=62, z=12, Z=3.61, p<.001). 
Similarly, activity in the left vmPFC significantly correlated 
with deactivation of the left vmPFC towards the medial PFC 
and paracingulate gyrus (cluster: 316 voxels, MNI x=−10, 
y=58, z=12, Z=3.74, p=0.007) during reappraisal.

Activity in the right vlPFC was significantly coupled with 
deactivation in the right precentral gyrus extending into cen-
tral opercular cortex, insular cortex, and putamen (785 vox-
els, MNI x=56, y=2, z=10, Zmax=3.62, p<0.001).

Activity in the right MTG was significantly correlated 
with deactivation in four clusters spanning the bilateral supe-
rior frontal gyrus (BA6) towards the supplementary motor 
cortex and ACC (BA24; cluster 1: 546 voxels, MNI: x=10, 
y=34, z = 60, Zmax = 3.68, p<0.001); bilateral precune-
ous cortex (BA7), extending in pre-central gyrus (BA5; 
cluster 2: 313 voxels, MNI: x=2, y=−46, z=66, Zmax = 
3.68, p=0.007); left precentral gyrus (BA6) towards middle 
frontal gyrus (cluster 3: 290 voxels, MNI: x=−28, y=−10, 
z=58, Zmax = 3.37, p=0.012); and bilateral superior fron-
tal gyrus (BA6; cluster 4: 257 voxels, MNI: x=−24, y=−8, 
z=76, Zmax = 3.09, p=0.025).

Group × task interaction (Z > 2.3, p < 0.05 corrected; reap‑
praise vs. maintain; lithium vs. placebo; Fig. 3)  There was 
significantly greater coupling between the right MTG (red) 
and the left middle frontal gyrus (covering BA 8, 6, and 9; 
orange) in the lithium group compared to placebo during 
reappraisal versus maintain (cluster 264 voxels, Zmax = 
3.46, MNI x = −36, y = 20, z = 46, p = 0.0213). Addition-
ally, there was a greater coupling between the right vlPFC 
(blue) and a cluster expanding from the right caudate into 
the right frontal pole/anterior PFC (including voxels belong-
ing to BA9, BA10, BA46, BA45) and ACC (BA32) frontal 
opercular cortex/insula (BA13; orange) for those in the pla-
cebo group compared to lithium during reappraisal com-
pared to maintain (cluster 1130 voxels, MNI: x = 14, y = 22, 
z = 14, Zmax = 4.27, p < 0.001).
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Main effect of group (Z> 2.3, p < 0.05 corrected, placebo > 
lithium, during picture blocks (M+R>B); Fig. 4)  Greater nega-
tive connectivity/anticorrelation was found between the left 
amygdala and bilateral frontal cortex for the lithium group 
compared to the placebo group in response to aversive pic-
tures (cluster 1 (left): 834 voxels, MNI x=−18, y=30, z=24, 

Z=4.37, p<0.001; cluster 2 (right): 519 voxels, MNI x=20, 
y=38, z=0, Z=4.13, p<0.001). Additionally, the lithium 
group showed greater connectivity between right MTG and 
bilateral PFC extending towards paracingulate gyrus than 
the placebo group (cluster: 326 voxels, Zmax = 3.58, MNI 
x=−2, y=56, z=10, p=0.006).

Fig. 1   Whole-brain analysis results. a, b Main effect of task: signifi-
cant increased activation in brain areas including the bilateral ACC, 
anterior PFC, supplementary motor cortex, dmPFC, dlPFC, vlPFC, 
lateral OFC, insular cortex, temporoparietal junction, superior and 
middle temporal gyrus, lateral occipital cortex, occipital cortex, cere-
bellum, thalamus, pallidum and caudate, and left supramarginal gyrus 
when reappraising compared to maintaining across groups. c Group × 

Task Interactions at Z>2.3. Significant increased activation in the left 
angular gyrus towards supramarginal gyrus, d left anterior prefron-
tal cortex, and e right superior frontal gyrus when reappraising com-
pared to maintaining in placebo compared to lithium. In addition to 
the parameter estimates for the reappraise greater than maintain con-
trast, the parameter estimates for both maintain and supress vs base-
line were also extracted for completeness. Error bars represent SEM
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Control analyses

Grey matter  Results for the task fMRI analysis remained 
similar when GM maps were not added into the GLM as a 
nuisance regressor.

Checkerboard control task  As reported in Volman et al. 
(2021), across groups, visual stimulation was associated 
with a large and highly significant activation cluster in the 
occipital cortex, among others. However, there were no 
significant group differences in brain activity during visual 

Fig. 2   Whole-brain connectivity analysis. Main effect of task (Z 
> 2.3, p < 0.05 corrected). a Right amygdala’s activity (pink) sig-
nificantly correlated with deactivation in a cluster spanning the left 
lateral occipital cortex (red), the right lateral occipital cortex (pur-
ple), and right precentral gyrus extending into middle frontal gyrus 
(BA6+9; blue) when reappraising compared to maintaining, across 
groups. b Right vmPFC (green) significantly correlated with deacti-
vation in a cluster covering the left medial PFC to the vmPFC (green) 
when reappraising compared to maintaining, across groups. Left 
vmPFC (red) significantly correlated with deactivation in a cluster 

covering the left vmPFC towards the medial PFC (red) when reap-
praising compared to maintaining, across groups. c Right vlPFC’s 
(blue) activity significantly correlated with deactivation in the right 
precentral gyrus extending into central opercular cortex, insular cor-
tex, and putamen (yellow). d Right MTG’s activity (red) significantly 
correlated with deactivation in four clusters spanning the bilateral 
superior frontal gyrus towards supplementary motor cortex and ACC 
(red), bilateral precuneous cortex extending into pre-central gyrus 
(purple), the left precentral gyrus towards the middle frontal gyrus, 
and the bilateral superior frontal gyrus (green)
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stimulation, suggesting that the observed effects during the 
ER task did not reflect haemodynamic changes due to lith-
ium treatment.

Discussion

This study evaluated the effects of lithium on ER in healthy 
participants. Neural effects of reappraisal, compared to 
naturally experiencing the negative stimuli, were seen, 
as expected, in frontal, temporal, parietal, and occipital 
regions, alongside lower self-reported negative affect rat-
ings. Lithium’s effect on active reappraisal and emotional 
processing of negative images was seen in areas of the 
fronto-parietal and limbic network, and in superior and 
medial temporal structures. Within the fronto-parietal 

network, during reappraisal compared to maintain, lithium 
decreased activation in prefrontal areas (left anterior PFC 
or rostra-lateral PFC, and right superior frontal gyrus) and 
posterior parietal areas (left AG). In addition, explora-
tory PPI analyses revealed connectivity changes within 
prefrontal and limbic areas following lithium administra-
tion. These results show that lithium can affect the neural 
underpinnings of emotional regulation, though not in line 
with our a priori hypothesis, which may be useful for future 
neuropsychological models of mood stabilising action.

Lithium‑derived effects on ER

During reappraisal of negative images, compared to main-
tain, lithium exerted a number of effects on the fronto-pari-
etal network: (1) decreased activation in the left anterior 

Fig. 3   Whole-brain connectivity analysis. Group by task interac-
tion, Z>2.3, p < 0.05 corrected. a There was significantly greater 
connectivity between the right MTG (red) and the left middle fron-
tal gyrus (covering BA 8, 6, and 9; orange) in the lithium group 
compared to placebo during reappraisal versus maintain. b There 

was a significantly greater connectivity between the right vlPFC 
(blue) and the right caudate, extending into the right frontal pole/
anterior PFC and ACC frontal opercular cortex/insula (BA13; 
orange) in the placebo group compared to the lithium group when 
reappraising versus maintain
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prefrontal cortex, right superior frontal gyrus, and the left 
AG, and (2) decreased the connectivity between the right 
vlPFC and other regions of the fronto-limbic cortex, includ-
ing the anterior PFC, ACC, caudate, and insula. The anterior 
prefrontal cortex is a high-level integrative area receiving 
information from somatosensory networks (Peng et al. 2018) 
and connecting the limbic system with medial prefrontal 

regions (Gilbert et al. 2006; Mitchell 2011). Contributing to 
sensory and emotion detection, emotional processing, and 
regulation strategies (Gilbert et al. 2006; Mitchell 2011; 
Peng et al. 2018), this region is key in the top-down modu-
lation of the emotional response (Phan et al. 2002; Mitch-
ell 2011). Other areas of the PFC, such as the vlPFC, are 
also involved in ER supporting the selection or inhibition 

Fig. 4   Whole-brain connectivity analysis. Main effect of group (Z > 
2.3, p < 0.05 corrected). a There was significantly greater negative 
connectivity between the left amygdala (blue) and bilateral frontal 
cortex (orange) for the lithium group compared to the placebo group 
in response to aversive pictures (mean of reappraise and maintain). b 

There was significantly greater connectivity between the right MTG 
(red) and the bilateral medial PFC (yellow) during overall negative 
picture blocks (mean reappraise and maintain) in the lithium group, 
compared to placebo. Error bars represent SEM
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of appropriate responses (Buhle et al. 2014). As with the 
anterior PFC, effective functional connectivity between the 
vlPFC and other regions of the fronto-limbic network dur-
ing ER has been reported (Townsend and Altshuler 2012). 
Prefrontal regions of the cortex send direct excitatory inputs 
to the striatum (i.e. caudate nucleus) and other regions of the 
basal ganglia. These areas ultimately support limbic function 
by contributing to the assessment of affective valence and 
the formation of an emotional state (Pierce and Péron 2020). 
The right superior frontal gyrus has previously shown to be 
active during tasks involving introspection or self-reflection, 
where participants were asked to analyse their feelings after 
being exposed to emotional stimuli (Briggs et al. 2020). 
The AG is also regarded as a cross-modal integrative hub, 
and has been linked to multiple functions (Seghier 2013). 
Previous research in the context of ER has elucidated its 
implication in cognitive reappraisal through the allocation 
of attentional resources, monitoring the emotional experi-
ence (Picó-Pérez et al. 2017), and imagination of scenes that 
might facilitate ER (Kohn et al. 2014).

BD has been associated with reduced recruitment of the 
regulatory fronto-parietal network during cognitive reap-
praisal (Zhang et al. 2018a) and we therefore hypothesised 
that lithium would have the opposing effect (i.e. increase the 
fronto-parietal network’s modulatory efforts). However, the 
observed pattern of decreased anterior PFC and AG response 
as well as decreased connectivity between the vlPFC and 
other regions of the fronto-limbic network during reap-
praisal following lithium administration was opposite to this 
hypothesis. Further work is needed to unpack this effect in 
more detail. For example, the effects of lithium may be mod-
ulated by the pre-existing level of ER. The healthy volun-
teers in our study tended to use effective ER strategies prior 
to treatment and lithium may have led to a disturbance in 
this process (i.e. a shift to the right in an inverted U-shaped 
function). Alternatively, reduced activation in relevant neu-
ral networks, whilst maintaining similar performance lev-
els in cognitive tasks, has been associated with beneficial 
effects of treatment in other settings, presumably reflecting 
increased ease or efficiency of neural networks supporting 
cognitive function (Miskowiak and Petersen 2019). As such, 
the observed effects of lithium may reflect reduced need for 
PFC-mediated regulation to reappraise the negative pictures 
included here, or a reduction in the difference in regula-
tion strategy employed between the reappraise and maintain 
conditions. However, this can only be resolved by assessing 
the effects on a behavioural task with sufficient sensitivity 
to detect any drug effect and/or by exploring the effects of 
lithium in patients with BD or a group with impaired ER at 
baseline.

During negative picture block presentation (collapsing 
across conditions), further fronto-limbic effects were seen. 
That is, participants in the lithium group, compared to those 

in the placebo group, had a significantly greater anticor-
relation between the left amygdala and bilateral prefrontal 
regions. This anticorrelated pattern between prefrontal and 
limbic regions is expected when successfully employing ER 
strategies (Kanske et al. 2011; Paschke et al. 2016; Sarkheil 
et al. 2019). In patients with BD, a weaker modulatory 
effect of prefrontal regions, compared to healthy controls 
is seen (Zhang et al. 2018a), with antidepressant treatment 
(chronotherapy) increasing these regions’ functional con-
nectivity in this population (Vai et al. 2015). This increase 
in functional connectivity has been proposed by the authors 
to be a potential biomarker for treatment efficacy in BD. The 
lithium-derived anti-correlation between the amygdala and 
bilateral PFC regions triggered by negative pictures without 
explicit regulatory instructions is consistent with the idea 
above that lithium may enhance regulation across condi-
tions, irrespective of these explicit instructions, though the 
direction of this effect is impossible to confirm with the PPI 
analysis used here.

Altogether, the described effects of lithium on fronto-
parietal activity and connectivity suggest that, when 
instructed to engage in ER strategies, prefrontal activation 
is reduced, potentially reflecting a lower need of regula-
tory efforts over limbic regions due to lithium treatment or 
reduced difference between the regulatory processes applied 
across different conditions. Consistent with this, there was 
a greater anti-correlation between the amygdala and PFC 
during viewing of negative pictures whether this was during 
the maintain or reappraise condition.

Further effects of the mood stabiliser on reappraisal 
and emotional processing of negative images can be seen 
on superior temporal structures. Accordingly, during reap-
praisal, as compared to maintain, those in the lithium group 
showed increased activation in the right superior temporal 
gyrus, and a significantly greater connectivity between the 
MTG and the left middle frontal gyrus. During negative 
picture blocks, those in the lithium group had greater corre-
lated activation between the right MTG and bilateral medial 
PFC, including the paracingulate cortex and the dmPFC. 
Involvement of the superior and the middle temporal gyrus 
in emotional downregulation through cognitive reappraisal 
has previously been reported (Kohn et al. 2014; Buhle et al. 
2014; Picó-Pérez et al. 2017; Nguyen et al. 2019). Cogni-
tive control regions engaging medial and superior tempo-
ral structures to alter the semantic meaning and perceptual 
representation of negative stimuli is thought to mediate 
emotion downregulation (Buhle et al. 2014). In line with 
this, posterior areas of the prefrontal cortex, including mid-
dle frontal gyrus, are implicated in ER by directing atten-
tion to reappraisal-relevant stimulus features and holding 
in mind reappraisal goals, as well as the content of one’s 
appraisal (Ochsner et al. 2012). Both dmPFC and paracin-
gulate areas of the prefrontal cortex have been involved in 
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emotion processing, with the former involved in apprais-
ing other’s mental states and traits, and the latter apprais-
ing viscero-sensory signals related to subjective emotional 
feelings (Dixon et al. 2017). Possibly, connectivity between 
MTG and prefrontal regions could reflect the former making 
use of information pertaining to the individual and other’s 
(stimulus related) emotional states to effectively process and/
or alter the stimuli’s meaning. Additionally, activation in 
MTG has been reported to affect amygdala activity (Kanske 
et al. 2011; Kohn et al. 2014). Lithium’s effect on the right 
superior and middle temporal gyrus, and its connectivity 
with cognitive control regions is consistent with alterations 
in the emotional significance of the presented stimuli, and 
the reduced activation of the prefrontal network described 
above.

Task‑related findings and general implication 
for emotional regulation

Increased activation of prefrontal regions, including bilateral 
dlPFC, vlPFC, lateral OFC, ACC, and supplementary motor 
area and temporal, parietal, and occipital regions, as well 
as subcortical structures, was observed during reappraisal 
of negative stimuli across groups. This task activation is 
consistent with previous literature investigating ER through 
reappraisal (Ochsner et al. 2002; Phan et al. 2005; Frank 
et al. 2014; Buhle et al. 2014; Reinecke et al. 2015; Paschke 
et al. 2016; Morawetz et al. 2017; Picó-Pérez et al. 2017; 
Nguyen et al. 2019; Hassa et al. 2021). Behaviourally, reap-
praisal successfully decreased self-reported negative affect 
experienced throughout the task, which adds to the existing 
body of literature on cognitive reappraisal as an effective 
strategy to downregulate the experience of negative affect 
(Paschke et al. 2016; Ma et al. 2017; Cao et al. 2020; Yang 
et al. 2020; Anand et al. 2020).

However, and contrary to previous studies (Ochsner 
et al. 2002; Phan et al. 2005; Kanske et al. 2011; Frank 
et al. 2014; Buhle et al. 2014; Picó-Pérez et al. 2017), no 
decreased activation of limbic structures was observed 
during reappraisal compared to maintain across groups. 
SVC analysis of the bilateral amygdala showed increased 
activation during reappraisal compared to maintain, across 
groups and hemispheres. With the use of the same task 
(Reinecke et al. 2015), or similar (Sarkheil et al. 2019; 
Hassa et al. 2021), Reinecke et al. (2015) did not report 
amygdala deactivation during reappraisal of negative stimuli 
across their sample, with Sarkeil (2019) and Hassa et al. 
(2021) reporting an increase. Post hoc analysis implemented 
by Sarkeil (2019) investigated this unexpected effect by 
dividing the reappraisal period into early and late to observe 
when the activation was occurring. Results showed that 
during late periods of reappraisal, amygdala activation was 
most increased and amygdala-prefrontal connectivity most 

reduced. Similar to the present study, numerous images 
were presented consecutively in each block, with reappraisal 
needing to be implemented with each individual image. The 
author proposed that this could have increased the cognitive 
load during the reappraisal block, leading to poor efficacy 
of frontal regions downregulating amygdala’s activation, 
ultimately heightening its activation during reappraisal. 
Given the similarity between the task used in the present 
study and in Sarkeil’s (2019), this could explain amygdala’s 
activity during reappraisal. Alternatively, Wager and 
colleagues’ meta-analysis (2003) found a left lateralization 
of the amygdala for processing negative emotions. Given the 
negative nature of the stimuli, it is proposed that prefrontal 
efforts to downregulate amygdala activity might have been 
lateralised to the left amygdala, leading to a higher right 
amygdala activation during reappraisal. Further evidence 
showed the right amygdala to be negatively correlated 
with areas of the occipital cortex and posterior parietal 
lobe as well as right precentral gyrus towards frontal gyrus 
(BA6 + 9) during reappraisal across groups. Taken within 
the hypervigilance model (Hofmann et al. 2012), which 
proposes that hyperactivation of the amygdala towards 
threat facilitates visual processing in the occipital cortex, 
reappraisal of negative stimuli could have decreased the 
connectivity between the amygdala and occipital regions in 
an effort to discontinue the feed of visual information to the 
amygdala. Additionally, a negative connectivity between the 
right amygdala and right precentral gyrus towards frontal 
gyrus (BA6 + 9) might reflect the latter motor planning 
areas (Briggs et al. 2020) planning to remove oneself from 
the fearful situation, thus decreasing amygdala’s activation. 
However, reasons behind the lateralisation of this effect to 
the right amygdala are not clearly understood.

Consistent with previous literature (Ochsner et al. 2012; 
Buhle et al. 2014), and contrary to others (Diekhof et al. 
2011), during reappraisal of negative stimuli, the vmPFC 
(bilaterally) was not found to be active neither at whole-
brain nor at SVC. This was opposite to the MTG, which 
was shown to be active in both analyses. Additionally, dur-
ing reappraisal, the vmPFC was bilaterally correlated with a 
deactivation of the left vmPFC towards rostral mPFC. This 
possibly indicates a null involvement of this region during 
reappraisal. It has been previously conjectured that given the 
vmPFC involvement during both maintain and reappraisal, 
the nature of the contrast (reappraise vs. maintain) might 
not be specific enough to show its involvement during reap-
praisal (Buhle et al. 2014). The correlation of the bilateral 
vmPFC ROI with deactivation in regions mainly includ-
ing the left vmPFC, which, however, might indicate that 
its involvement in reappraisal is potentially absent, or that 
given its role in self-related emotion generation (Dixon et al. 
2017); it might not be involved in reappraisal due to the non-
self-related nature of the negative stimuli of the present task. 
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Altogether, this evidence contradicts previous hypothesis 
assigning the vmPFC a role as the key link between frontal 
and parietal regions in emotion downregulation (Diekhof 
et al. 2011), and further supports the hypothesis that reap-
praisal engages temporal structures (namely MTG) to alter 
the meaning of the perceived stimuli and therefore down-
regulate negative emotions (Buhle et al. 2014).

Study’s strengths, limitations, and future directions

Notably, and to the best of the researchers’ knowledge, this 
study is the first to evaluate the effects of lithium on ER in 
healthy participants. This is considered to aid the under-
standing of the mechanisms behind lithium treatment due 
to the lack of interactions between treatment and disorder-
related factors (i.e. disorder severity, duration, state, and/or 
history of medication).

The lack of treatment-derived differential effects in 
self-reported negative affect, however, limits the establish-
ment of whether lithium’s neural effects were beneficial 
or detrimental to the overall ER process. Importantly, the 
absence of treatment-derived self-reported effects does not 
necessarily imply that differences do not exist, but perhaps 
that the measurement was not sensitive enough to detect 
them. Establishing the directionality of these effects is of 
importance to further understand lithium’s mood-stabilising 
properties. Another important limitation when interpreting 
the connectivity results is that the PPI analysis employed 
does not specify whether the seed region is the driver or the 
driven area, or if the connection is direct or mediated by 
other areas. Therefore, interpreting the causality or direc-
tionality of these results is not possible and they should be 
considered with caution. Respective to the study sample, 
and although a healthy volunteer sample poses some ben-
efits mentioned above, these individuals may have an already 
near-optimal ability to regulate their emotions and so the 
effects of lithium may not accurately represent what would 
be seen with treatment in BD. Additionally, we had a rela-
tively small sample size (n=33) which may have impacted 
the statistical power of the study for both type 1 and 2 errors. 
Despite being able to compare the study findings with previ-
ous literature, the lenient statistical significance threshold of 
Z > 2.3 could have resulted in false positive findings. These 
findings therefore need to be replicated in larger sample sizes 
to confirm. Although the use of the CCT task allows to con-
trol for treatment-related confounders on brain activation, 
the lack of a neutral condition in the ER task does not allow 
the control of said confounders on higher order visual pro-
cessing of complex scenes. The data reported in this study 
was collected in 2011, and so the study and its hypotheses 
were not pre-registered. Lastly, we used a short treatment 
administration period, which may have hindered lithium’s 
potential to impact ER in healthy participants.

Considering the study’s limitations and the potential 
implications of these results for research in BD treatment, 
future work should validate the present evidence in a larger 
sample size, with a longer treatment administration, and 
including the assessment of physiological measurements 
(i.e. heart rate and/or arousal) that could inform if the imple-
mentation of reappraisal in any group is more successful. 
Moreover, prospective work should consider the inclusion of 
a condition involving the downregulation of positive stimuli. 
Altogether, these future recommendations could broaden the 
understanding of how lithium achieves mood-stabilisation 
in BD through ER. Lastly, and of general clinical implica-
tion, is the AG’s role in ER. Given lithium’s downregulating 
effect in the left AG during reappraisal and considering simi-
lar downregulation patterns observed in clinical populations 
(Picó-Pérez et al. 2017), further attention should be drawn 
to the AG’s role in ER and how its downregulation might be 
related to symptomatology in different mood, including BD, 
and anxiety disorders.

Conclusions

The present research examined the neural effects of an 
11-day lithium administration on ER in healthy partici-
pants. Lithium-derived differences in brain activation and 
connectivity during reappraisal (vs. maintain) were (1) 
decreased activation in the left AG, left anterior prefron-
tal cortex and right superior frontal gyrus, and connectivity 
between the vlFPC and caudate and other prefrontal areas; 
(2) increased activation in the right superior temporal gyrus 
(SVC); and correlated activation between the right MTG 
and the left middle frontal gyrus. During negative picture 
blocks, lithium-derived differences in brain activity were 
(1) increased amygdala-prefrontal anticorrelation, and (2) 
enhanced MTG-prefrontal connectivity. These results pro-
vide preliminary support for the involvement of lithium in 
emotional processing and regulation in healthy participants, 
and potentially benefit future work in the development of 
more effective treatments for BD.

Of general implications for ER and, specifically for cog-
nitive reappraisal, the present research replicated previous 
findings. Consistently, enhanced activation in prefrontal 
including cognitive control regions, temporal, parietal, and 
occipital regions was found. Contrary to leading evidence, 
but in line with a small number of studies, no decreased 
in amygdala’s activity was found, with the right amygdala 
observing an increase during reappraisal, compared to main-
tain. Lastly, the present research shows support for Buhle 
et al.’ (2014) hypothesis implicating temporal structures, as 
opposed to the vmPFC, in the downregulation of negative 
stimuli through reappraisal.
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Taken together, these results show an effect of lithium in 
emotional processing and regulation, and further elaborate 
the neural underpinnings of cognitive reappraisal. Although 
limitations should be considering when interpreting these 
results, a call for future research to investigate longer term 
effects of lithium on ER in individuals with BD is made, 
which ultimately may benefit the development of novel and 
more effective treatments for BD.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00213-​023-​06395-7.

Funding  This study was funded by the Medical Research Council 
(funders ref no: G0801432) and supported by the NIHR Oxford Health 
Biomedical Research Centre.

Declarations 

Conflict of interest  CJH has received consultancy fees from P1vital 
Ltd., Janssen Pharmaceuticals, Sage Therapeutics, Pfizer, Zogenix, 
Compass Pathways, and Lundbeck. CJH holds grant income from Zo-
genix, UCB Pharma, Pfizer, Janssen Pharmaceuticals.

Disclaimer  The views expressed here are those of the authors and not 
necessarily those of the NHS, the NIHR or the Department of Health.

Open Access   This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Alda M (2015) Lithium in the treatment of bipolar disorder: phar-
macology and pharmacogenetics. Mol Psychiatry 20:661–670. 
https://​doi.​org/​10.​1038/​mp.​2015.4

American Psychiatric Association (2022) Bipolar and related disorders. 
In: Diagnostic and statistical manual of mental disorders, 5th edn, 
text rev. https://​doi.​org/​10.​1176/​appi.​books.​97808​90425​787.​x03_​
Bipol​ar_​and_​Relat​ed_​Disor​ders

Anand A, Grandhi J, Karne H, Spielberg JM (2020) Intrinsic functional 
connectivity during continuous maintenance and suppression of 
emotion in bipolar disorder. Brain Imag Behav 14:1747–1757. 
https://​doi.​org/​10.​1007/​s11682-​019-​00109-4

Andersson JL, Jenkinson M, Smith S (2007a) Non-linear optimisation 
FMRIB technical report TR07JA1. Practice

Andersson JL, Jenkinson M, Smith S (2007b) Non-linear registration, 
aka Spatial normalisation FMRIB technical report TR07JA2. 
FMRIB Anal Group Univ Oxford 2:e21

Beck AT, Ward CH, Mendelson M et al (1961) An inventory for meas-
uring depression. Arch Gen Psychiatry 4:561–571. https://​doi.​org/​
10.​1001/​archp​syc.​1961.​01710​12003​1004

Benedetti F, Radaelli D, Poletti S et al (2011) Opposite effects of suicidal-
ity and lithium on gray matter volumes in bipolar depression. J Affect 
Disord 135:139–147. https://​doi.​org/​10.​1016/j.​jad.​2011.​07.​006

Bond A, Lader M (1974) The use of analogue scales in rating subjec-
tive feelings. Brh J Med Psychol 47:211–218. https://​doi.​org/​10.​
1111/j.​2044-​8341.​1974.​tb022​85.x

Brady RO, Masters GA, Mathew IT et al (2016) State dependent 
cortico-amygdala circuit dysfunction in bipolar disorder. J Affect 
Disord 201:79–87. https://​doi.​org/​10.​1016/j.​jad.​2016.​04.​052

Briggs RG, Khan AB, Chakraborty AR et al (2020) Anatomy and white 
matter connections of the superior frontal gyrus. Clin Anatomy 
33:823–832. https://​doi.​org/​10.​1002/​ca.​23523

Buhle JT, Silvers JA, Wager TD et al (2014) Cognitive reappraisal of 
emotion: a meta-analysis of human neuroimaging studies. Cer-
ebral Cort 24:2981–2990. https://​doi.​org/​10.​1093/​cercor/​bht154

Cao D, Li Y, Niznikiewicz MA (2020) Neural characteristics of cogni-
tive reappraisal success and failure: an ERP study. Brain Behavior 
10:e01584. https://​doi.​org/​10.​1002/​brb3.​1584

Chen L, Wang Y, Niu C et al (2018) Common and distinct abnormal 
frontal-limbic system structural and functional patterns in patients 
with major depression and bipolar disorder. NeuroImage: Clin 
20:42–50. https://​doi.​org/​10.​1016/j.​nicl.​2018.​07.​002

Diekhof EK, Geier K, Falkai P, Gruber O (2011) Fear is only as deep 
as the mind allows: a coordinate-based meta-analysis of neuro-
imaging studies on the regulation of negative affect. NeuroImage 
58:275–285. https://​doi.​org/​10.​1016/j.​neuro​image.​2011.​05.​073

Dixon ML, Thiruchselvam R, Todd R, Christoff K (2017) Emotion 
and the prefrontal cortex: an integrative review. Psychol Bull 
143:1033–1081. https://​doi.​org/​10.​1037/​bul00​00096

Eysenck HJ, Eysenck SBG (1975) Manual of the eysenck personality 
questionnaire (junior and adult). Hodder and Stoughton, London

Frank DW, Dewitt M, Hudgens-Haney M et al (2014) Emotion regula-
tion: quantitative meta-analysis of functional activation and deac-
tivation. Neurosci Biobehav Rev 45:202–211. https://​doi.​org/​10.​
1016/j.​neubi​orev.​2014.​06.​010

Gilbert SJ, Spengler S, Simons JS et al (2006) Functional specialization 
within rostral prefrontal cortex (area 10): a meta-analysis. J Cogn 
Neurosci 18:932–948. https://​doi.​org/​10.​1162/​jocn.​2006.​18.6.​932

Gross JJ, John OP (2003) Individual differences in two emotion regu-
lation processes: implications for affect, relationships, and well-
being. J Personal Soc Psychol 85:348–362. https://​doi.​org/​10.​
1037/​0022-​3514.​85.2.​348

Hassa T, Spiteri S, Schmidt R et al (2021) Increased amygdala activ-
ity associated with cognitive reappraisal strategy in functional 
neurologic disorder. Front Psychiatry 12

Hirschfeld RMA, Williams JBW, Spitzer RL et al (2000) Development 
and validation of a screening instrument for bipolar spectrum dis-
order: the Mood Disorder Questionnaire. AJP 157:1873–1875. 
https://​doi.​org/​10.​1176/​appi.​ajp.​157.​11.​1873

Hofmann SG, Ellard KK, Siegle GJ (2012) Neurobiological correlates 
of cognitions in fear and anxiety: a cognitive–neurobiological 
information-processing model. Cognition Emotion 26:282–299. 
https://​doi.​org/​10.​1080/​02699​931.​2011.​579414

Hui TP, Kandola A, Shen L et al (2019) A systematic review and meta-
analysis of clinical predictors of lithium response in bipolar disor-
der. Acta Psychiatrica Scandinavica 140:94–115. https://​doi.​org/​
10.​1111/​acps.​13062

Jenkinson M (2003) Fast, automated, N-dimensional phase-unwrapping 
algorithm. Magnet Reson Med 49:193–197. https://​doi.​org/​10.​
1002/​mrm.​10354

Jenkinson M (2004) Improving the registration of B0-disorted EPI 
images using calculated cost function weights. In: Tenth Inter-
national Conference on functional mapping of the human brain

Jenkinson M, Smith S (2001) A global optimisation method for robust 
affine registration of brain images. Med Image Anal 5:143–156. 
https://​doi.​org/​10.​1016/​S1361-​8415(01)​00036-6

https://doi.org/10.1007/s00213-023-06395-7
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/mp.2015.4
https://doi.org/10.1176/appi.books.9780890425787.x03_Bipolar_and_Related_Disorders
https://doi.org/10.1176/appi.books.9780890425787.x03_Bipolar_and_Related_Disorders
https://doi.org/10.1007/s11682-019-00109-4
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1001/archpsyc.1961.01710120031004
https://doi.org/10.1016/j.jad.2011.07.006
https://doi.org/10.1111/j.2044-8341.1974.tb02285.x
https://doi.org/10.1111/j.2044-8341.1974.tb02285.x
https://doi.org/10.1016/j.jad.2016.04.052
https://doi.org/10.1002/ca.23523
https://doi.org/10.1093/cercor/bht154
https://doi.org/10.1002/brb3.1584
https://doi.org/10.1016/j.nicl.2018.07.002
https://doi.org/10.1016/j.neuroimage.2011.05.073
https://doi.org/10.1037/bul0000096
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1016/j.neubiorev.2014.06.010
https://doi.org/10.1162/jocn.2006.18.6.932
https://doi.org/10.1037/0022-3514.85.2.348
https://doi.org/10.1037/0022-3514.85.2.348
https://doi.org/10.1176/appi.ajp.157.11.1873
https://doi.org/10.1080/02699931.2011.579414
https://doi.org/10.1111/acps.13062
https://doi.org/10.1111/acps.13062
https://doi.org/10.1002/mrm.10354
https://doi.org/10.1002/mrm.10354
https://doi.org/10.1016/S1361-8415(01)00036-6


1733Psychopharmacology (2023) 240:1719–1734	

1 3

Jenkinson M, Bannister PR, Brady M, Smith SAC (2002) Improved 
optimization for the robust and accurate linear registration and 
motion correction of brain images. NeuroImage 17:825–841. 
https://​doi.​org/​10.​1006/​nimg.​2002.​1132

Johnson SL, Tharp JA, Peckham AD, McMaster KJ (2016) Emotion 
in bipolar I disorder: implications for functional and symptom 
outcomes. J Abnormal Psychol 125:40–52. https://​doi.​org/​10.​
1037/​abn00​00116

Kanske P, Heissler J, Schönfelder S et al (2011) How to regulate emo-
tion? Neural Networks for Reappraisal and Distraction. Cerebral 
Cortex 21:1379–1388. https://​doi.​org/​10.​1093/​cercor/​bhq216

Kato T (2019) Current understanding of bipolar disorder: toward inte-
gration of biological basis and treatment strategies. Psychiatry 
Clin Neurosci 73:526–540. https://​doi.​org/​10.​1111/​pcn.​12852

Kohn N, Eickhoff SB, Scheller M et al (2014) Neural network of cog-
nitive emotion regulation--an ALE meta-analysis and MACM 
analysis. Neuroimage 87:345–355. https://​doi.​org/​10.​1016/j.​neuro​
image.​2013.​11.​001

Kohno T, Shiga T, Toyomaki A et al (2007) Effects of lithium on brain 
glucose metabolism in healthy men. J Clin Psychopharmacol 
27:698–702. https://​doi.​org/​10.​1097/​jcp.​0b013​e3181​5a23c2

Li L, Ji E, Tang F et al (2019) Abnormal brain activation during emo-
tion processing of euthymic bipolar patients taking different mood 
stabilizers. Brain Imag Behav 13:905–913. https://​doi.​org/​10.​
1007/​s11682-​018-​9915-z

Licht RW (2012) Lithium: still a major option in the management of 
bipolar disorder. CNS Neurosci Ther 18:219–226. https://​doi.​org/​
10.​1111/j.​1755-​5949.​2011.​00260.x

Ma ST, Abelson JL, Okada G et al (2017) Neural circuitry of emotion 
regulation: effects of appraisal, attention, and cortisol administra-
tion. Cogn Affect Behav Neurosci 17:437–451. https://​doi.​org/​10.​
3758/​s13415-​016-​0489-1

Malhi GS, Tanious M, Das P et al (2013) Potential mechanisms of 
action of lithium in bipolar disorder. Current understanding. CNS 
Drugs 27:135–153. https://​doi.​org/​10.​1007/​s40263-​013-​0039-0

Miskowiak KW, Petersen CS (2019) Neuronal underpinnings of cogni-
tive impairment and - improvement in mood disorders. CNS Spec-
trums 24:30–53. https://​doi.​org/​10.​1017/​S1092​85291​80010​62

Mitchell DGV (2011) The nexus between decision making and emo-
tion regulation: a review of convergent neurocognitive substrates. 
Behav Brain Res 217:215–231. https://​doi.​org/​10.​1016/j.​bbr.​2010.​
10.​030

Monkul ES, Matsuo K, Nicoletti MA et al (2007) Prefrontal gray 
matter increases in healthy individuals after lithium treatment: a 
voxel-based morphometry study. Neurosci Lett 429:7–11. https://​
doi.​org/​10.​1016/j.​neulet.​2007.​09.​074

Morawetz C, Bode S, Derntl B, Heekeren HR (2017) The effect of 
strategies, goals and stimulus material on the neural mechanisms 
of emotion regulation: a meta-analysis of fMRI studies. Neurosci 
Biobehav Rev 72:111–128. https://​doi.​org/​10.​1016/j.​neubi​orev.​
2016.​11.​014

Nelson HE, Willison J (1982) National adult reading test (NART) 
manual. NFER-Nelson, Windsor, Bershire, UK

Nguyen T, Zhou T, Potter T et al (2019) The cortical network of emo-
tion regulation: insights from advanced EEG-fMRI integration 
analysis. IEEE Trans Med Imag 38:2423–2433. https://​doi.​org/​
10.​1109/​TMI.​2019.​29009​78

O’Reilly JX, Woolrich MW, Behrens TEJ et al (2012) Tools of the 
trade: psychophysiological interactions and functional connec-
tivity. Soc Cogn Affect Neurosci 7:604–609. https://​doi.​org/​10.​
1093/​scan/​nss055

Ochsner KN, Bunge SA, Gross JJ, Gabrieli JDE (2002) Rethinking 
feelings: an fMRI study of the cognitive regulation of emotion. 
J Cogn Neurosci 14:1215–1229. https://​doi.​org/​10.​1162/​08989​
29027​60807​212

Ochsner KN, Silvers JA, Buhle JT (2012) Functional imaging studies of 
emotion regulation: a synthetic review and evolving model of the 
cognitive control of emotion. Ann New York Acad Sci 1251:E1–
E24. https://​doi.​org/​10.​1111/j.​1749-​6632.​2012.​06751.x

Paschke LM, Dörfel D, Steimke R et al (2016) Individual differences 
in self-reported self-control predict successful emotion regula-
tion. Soc Cogn Affect Neurosci 11:1193–1204. https://​doi.​org/​
10.​1093/​scan/​nsw036

Peng K, Steele SC, Becerra L, Borsook D (2018) Brodmann area 10: 
collating, integrating and high level processing of nociception and 
pain. Prog Neurobiol 161:1–22. https://​doi.​org/​10.​1016/j.​pneur​
obio.​2017.​11.​004

Phan KL, Wager T, Taylor SF, Liberzon I (2002) Functional neuro-
anatomy of emotion: a meta-analysis of emotion activation studies 
in PET and fMRI. NeuroImage 16:331–348. https://​doi.​org/​10.​
1006/​nimg.​2002.​1087

Phan KL, Fitzgerald DA, Nathan PJ et al (2005) Neural substrates for 
voluntary suppression of negative affect: a functional magnetic 
resonance imaging study. Biol Psychiatry 57:210–219. https://​doi.​
org/​10.​1016/j.​biops​ych.​2004.​10.​030

Phillips ML, Ladouceur CD, Drevets WC (2008) A neural model of 
voluntary and automatic emotion regulation: implications for 
understanding the pathophysiology and neurodevelopment of 
bipolar disorder. Mol Psychiatry 13:833–857. https://​doi.​org/​10.​
1038/​mp.​2008.​65

Pichot P, Olivier-Martin R (1974) Psychological measurements in 
psychopharmacology. Mod Trends Pharmacopsychiatry, vol 7. 
Karger, Basel, pp 151–169

Picó-Pérez M, Radua J, Steward T et al (2017) Emotion regulation in 
mood and anxiety disorders: a meta-analysis of fMRI cognitive 
reappraisal studies. Prog Neuro-Psychopharmacol Biol Psychiatry 
79:96–104. https://​doi.​org/​10.​1016/j.​pnpbp.​2017.​06.​001

Pierce JE, Péron J (2020) The basal ganglia and the cerebellum in 
human emotion. Soc Cogn Affect Neurosci 15:599–613. https://​
doi.​org/​10.​1093/​scan/​nsaa0​76

Radaelli D, Sferrazza Papa G, Vai B et al (2015) Fronto-limbic discon-
nection in bipolar disorder. Europ Psychiatry 30:82–88. https://​
doi.​org/​10.​1016/j.​eurpsy.​2014.​04.​001

Reinecke A, Filippini N, Berna C et al (2015) Effective emotion regula-
tion strategies improve fMRI and ECG markers of psychopathol-
ogy in panic disorder: implications for psychological treatment 
action. Transl Psychiatry 5:e673–e673. https://​doi.​org/​10.​1038/​
tp.​2015.​160

Sarkheil P, Klasen M, Schneider F et al (2019) Amygdala response 
and functional connectivity during cognitive emotion regulation 
of aversive image sequences. Eur Arch Psychiatry Clin Neurosci 
269:803–811. https://​doi.​org/​10.​1007/​s00406-​018-​0920-4

Seghier ML (2013) The angular gyrus: multiple functions and multiple 
subdivisions. Neuroscientist 19:43–61. https://​doi.​org/​10.​1177/​
10738​58412​440596

Smith SM (2002) Fast robust automated brain extraction. Human Brain 
Map 17:143–155. https://​doi.​org/​10.​1002/​hbm.​10062

Spielberger CD (1983) State-trait anxiety inventory for adults. https://​
doi.​org/​10.​1037/​t06496-​000

Strakowski SM, Adler CM, Almeida J et al (2012) The functional neu-
roanatomy of bipolar disorder: a consensus model. Bipolar Disord 
14:313–325. https://​doi.​org/​10.​1111/j.​1399-​5618.​2012.​01022.x

Townsend J, Altshuler LL (2012) Emotion processing and regulation 
in bipolar disorder: a review. Bipolar Disord 14:326–339. https://​
doi.​org/​10.​1111/j.​1399-​5618.​2012.​01021.x

Townsend JD, Torrisi SJ, Lieberman MD et al (2013) Frontal-amygdala 
connectivity alterations during emotion downregulation in bipolar 
I disorder. Biol Psychiatry 73:127–135. https://​doi.​org/​10.​1016/j.​
biops​ych.​2012.​06.​030

https://doi.org/10.1006/nimg.2002.1132
https://doi.org/10.1037/abn0000116
https://doi.org/10.1037/abn0000116
https://doi.org/10.1093/cercor/bhq216
https://doi.org/10.1111/pcn.12852
https://doi.org/10.1016/j.neuroimage.2013.11.001
https://doi.org/10.1016/j.neuroimage.2013.11.001
https://doi.org/10.1097/jcp.0b013e31815a23c2
https://doi.org/10.1007/s11682-018-9915-z
https://doi.org/10.1007/s11682-018-9915-z
https://doi.org/10.1111/j.1755-5949.2011.00260.x
https://doi.org/10.1111/j.1755-5949.2011.00260.x
https://doi.org/10.3758/s13415-016-0489-1
https://doi.org/10.3758/s13415-016-0489-1
https://doi.org/10.1007/s40263-013-0039-0
https://doi.org/10.1017/S1092852918001062
https://doi.org/10.1016/j.bbr.2010.10.030
https://doi.org/10.1016/j.bbr.2010.10.030
https://doi.org/10.1016/j.neulet.2007.09.074
https://doi.org/10.1016/j.neulet.2007.09.074
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1109/TMI.2019.2900978
https://doi.org/10.1109/TMI.2019.2900978
https://doi.org/10.1093/scan/nss055
https://doi.org/10.1093/scan/nss055
https://doi.org/10.1162/089892902760807212
https://doi.org/10.1162/089892902760807212
https://doi.org/10.1111/j.1749-6632.2012.06751.x
https://doi.org/10.1093/scan/nsw036
https://doi.org/10.1093/scan/nsw036
https://doi.org/10.1016/j.pneurobio.2017.11.004
https://doi.org/10.1016/j.pneurobio.2017.11.004
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1016/j.biopsych.2004.10.030
https://doi.org/10.1016/j.biopsych.2004.10.030
https://doi.org/10.1038/mp.2008.65
https://doi.org/10.1038/mp.2008.65
https://doi.org/10.1016/j.pnpbp.2017.06.001
https://doi.org/10.1093/scan/nsaa076
https://doi.org/10.1093/scan/nsaa076
https://doi.org/10.1016/j.eurpsy.2014.04.001
https://doi.org/10.1016/j.eurpsy.2014.04.001
https://doi.org/10.1038/tp.2015.160
https://doi.org/10.1038/tp.2015.160
https://doi.org/10.1007/s00406-018-0920-4
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1177/1073858412440596
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1037/t06496-000
https://doi.org/10.1037/t06496-000
https://doi.org/10.1111/j.1399-5618.2012.01022.x
https://doi.org/10.1111/j.1399-5618.2012.01021.x
https://doi.org/10.1111/j.1399-5618.2012.01021.x
https://doi.org/10.1016/j.biopsych.2012.06.030
https://doi.org/10.1016/j.biopsych.2012.06.030


1734	 Psychopharmacology (2023) 240:1719–1734

1 3

Tran V (2013) Positive affect negative affect scale (PANAS). In: Gell-
man MD, Turner JR (eds) Encyclopedia of behavioral medicine. 
Springer, New York, pp 1508–1509

Vai B, Poletti S, Radaelli D et al (2015) Successful antidepressant 
chronotherapeutics enhance fronto-limbic neural responses and 
connectivity in bipolar depression. Psychiatry Res 233:243–253. 
https://​doi.​org/​10.​1016/j.​pscyc​hresns.​2015.​07.​015

Volkmann C, Bschor T, Köhler S (2020) Lithium treatment over the 
lifespan in bipolar disorders. Front Psychiatry 11:377. https://​doi.​
org/​10.​3389/​fpsyt.​2020.​00377

Volman I, Pringle A, Verhagen L et al (2021) Lithium modulates stri-
atal reward anticipation and prediction error coding in healthy 
volunteers. Neuropsychopharmacol 46:386–393. https://​doi.​org/​
10.​1038/​s41386-​020-​00895-2

Won E, Kim Y-K (2017) An oldie but goodie: lithium in the treat-
ment of bipolar disorder through neuroprotective and neurotrophic 
mechanisms. Int J Mol Sci 18:2679. https://​doi.​org/​10.​3390/​ijms1​
81226​79

Woolrich MW, Ripley BD, Brady M, Smith SM (2001) Temporal auto-
correlation in univariate linear modeling of FMRI data. NeuroIm-
age 14:1370–1386. https://​doi.​org/​10.​1006/​nimg.​2001.​0931

Worsley KJ (2001) Statistical analysis of activation images. Funct MRI: 
An Introduct Methods 14:251–270

Yang J, Mao Y, Niu Y et al (2020) Individual differences in neuroticism 
personality trait in emotion regulation. J Affect Disord 265:468–
474. https://​doi.​org/​10.​1016/j.​jad.​2020.​01.​086

Zhang Y, Brady M, Smith S (2001) Segmentation of brain MR images 
through a hidden Markov random field model and the expectation-
maximization algorithm. IEEE Trans Med Imaging 20:45–57. 
https://​doi.​org/​10.​1109/​42.​906424

Zhang L, Opmeer EM, van der Meer L et al (2018a) Altered frontal-
amygdala effective connectivity during effortful emotion regula-
tion in bipolar disorder. Bipolar Disord 20:349–358. https://​doi.​
org/​10.​1111/​bdi.​12611

Zhang S, Wang Y, Deng F et al (2018b) Disruption of superficial white 
matter in the emotion regulation network in bipolar disorder. Neu-
roImage Clin 20:875–882. https://​doi.​org/​10.​1016/j.​nicl.​2018.​09.​
024

Zhang L, Ai H, Opmeer EM et al (2020) Distinct temporal brain 
dynamics in bipolar disorder and schizophrenia during emotion 
regulation. Psychol Med 50:413–421. https://​doi.​org/​10.​1017/​
S0033​29171​90002​17

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

https://doi.org/10.1016/j.pscychresns.2015.07.015
https://doi.org/10.3389/fpsyt.2020.00377
https://doi.org/10.3389/fpsyt.2020.00377
https://doi.org/10.1038/s41386-020-00895-2
https://doi.org/10.1038/s41386-020-00895-2
https://doi.org/10.3390/ijms18122679
https://doi.org/10.3390/ijms18122679
https://doi.org/10.1006/nimg.2001.0931
https://doi.org/10.1016/j.jad.2020.01.086
https://doi.org/10.1109/42.906424
https://doi.org/10.1111/bdi.12611
https://doi.org/10.1111/bdi.12611
https://doi.org/10.1016/j.nicl.2018.09.024
https://doi.org/10.1016/j.nicl.2018.09.024
https://doi.org/10.1017/S0033291719000217
https://doi.org/10.1017/S0033291719000217

	Effect of lithium administration on brain activity under an emotion regulation paradigm in healthy participants: a functional magnetic resonance imaging study
	Abstract
	Rationale 
	Objectives 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participants
	Experimental design and procedure
	Tasks
	MRI acquisition
	Analysis of fMRI data
	Statistical analysis

	Results
	Demographical characteristics and questionnaire measures
	Lithium levels
	Affective ratings
	fMRI
	Whole-brain analysis
	SVC analysis
	Connectivity analysis
	Control analyses


	Discussion
	Lithium-derived effects on ER
	Task-related findings and general implication for emotional regulation
	Study’s strengths, limitations, and future directions

	Conclusions
	Anchor 30
	References


