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Background
Borderline personality disorder (BPD) is a severe psychiatric
disorder conceptualised as a disorder of emotion regulation.
Emotion regulation has been linked to a frontolimbic network
comprising the dorsolateral prefrontal cortex and the amygdala,
which apparently synchronises its activity via oscillatory coupling
in the theta frequency range.

Aims
To analyse whether there are distinct differences in theta oscil-
latory coupling in frontal brain regions between individuals with
BPD and matched controls during emotion regulation by cogni-
tive reappraisal.

Method
Electroencephalogram (EEG) recordings were performed in 25
women diagnosed with BPD and 25 matched controls during a
cognitive reappraisal task in which participants were instructed
to downregulate negative emotions evoked by aversive visual
stimuli. Between- and within-group time–frequency analyses
were conducted to analyse regulation-associated theta activity
(3.5–8.5 Hz).

Results
Oscillatory theta activity differed between the participants with
BPD and matched controls during cognitive reappraisal.
Regulation-associated theta increases were lower in frontal

regions in the BPD cohort compared with matched controls.
Functional connectivity analysis for regulation-associated
changes in the theta frequency band revealed a lower multi-
variate interaction measure (MIM) increase in frontal brain
regions in persons with BPD compared with matched controls.

Conclusions
Our findings support the notion of alterations in a frontal theta
network in BPD, which may be underlying core symptoms of the
disorder such as deficits in emotion regulation. The results add to
the growing body of evidence for altered oscillatory brain
dynamics in psychiatric populations, which might be investi-
gated as individualised treatment targets using non-invasive
stimulation methods.
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Borderline personality disorder (BPD) is a severe psychiatric
disorder with a prevalence in the general population of 1–3%.1 It
is characterised by pervasive patterns of emotional sensitivity,
affective lability, instability in self-image as well as in interpersonal
relationships, and a deficit of appropriate regulation strategies.2

BPD is therefore conceptualised as a disorder of emotion regulation.
According to Linehan’s biosocial model, individuals diagnosed with
BPD show an increased emotional sensitivity from birth, with an
inability to regulate intense emotional responses, which makes
these individuals particularly vulnerable to experiencing negative
affect and to engaging in dysregulated behaviours in an attempt
to manage these affects.2,3 Individuals diagnosed with BPD often
describe navigating a spectrum of intense emotions, which fre-
quently leaves them feeling overwhelmed and uncertain about man-
aging these intense feelings. On numerous occasions, this emotional
turmoil compels them to seek relief from emotions they struggle to
express. These individuals report that, at times, their quest for emo-
tional respite drives them to adopt detrimental coping mechanisms.
They tend to lean on easily accessible or straightforward approaches
to disengage themselves emotionally.4

Emotion regulation and its neural basis

The neural basis of emotion regulation has attracted a lot of atten-
tion over recent decades, as emotion dysregulation is a core
symptom of various psychiatric disorders.5,6 The limbic system

has generally been linked to emotion generation and detection,
whereas cognitive control processes are associated with prefrontal
brain areas such as the ventromedial and lateral prefrontal cortices
and the parietal cortices.5,7

Cognitive reappraisal is one treatment strategy that aims to
enable patients to better control their emotions by changing the
emotional impact of an event by reinterpreting its meaning.
Neuroimaging studies consistently highlight the involvement of
specific prefrontal regions (dorsomedial, dorsolateral and ventrolat-
eral prefrontal cortex – dmPFC, dlPFC and vlPFC respectively) and
the amygdala in cognitive reappraisal tasks.6 However, there is some
controversy regarding the exact interplay of these brain regions
during these tasks.8 One proposition is that the prefrontal areas
modulate emotional responses by exerting regulatory control over
the amygdala, but the dynamics of this interaction are subject to
ongoing research and debate.6,8

Neural correlates of emotion regulation in people
with BPD

As emotion regulation plays an important role not only in the
pathogenesis of BPD but also in its treatment, numerous neuroima-
ging studies have investigated the neural correlates of emotion regu-
lation in individuals diagnosed with BPD. These studies revealed
structural and functional regions involved in the dysregulation of
emotions, suggesting an altered frontolimbic inhibitory network.9–11
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In individuals with BPD, an increased activation of the amygdala as
part of the limbic system could be found in the processing of negative
emotional stimuli, whereas the recruitment of frontal brain regions
(e.g. dlPFC and vlPFC) is blunted.9,10 Thus, reduced frontal inhibition
during emotion regulation processes seems to play an important – yet
not fully understood – role in the pathophysiology of BPD.10,12

Theta oscillations as a neurophysiological correlate of
emotion regulation

Although functional magnetic resonance imaging (fMRI) provides
invaluable insights into the brain regions involved in emotion regu-
lation, the high temporal resolution of electroencephalogram (EEG)
recordings can significantly enhance our understanding of the
underlying neurophysiological mechanisms.13 The millisecond-
range resolution of EEG is particularly adept at capturing the
brain’s oscillatory activities, a field that has garnered increasing
interest. Investigating these oscillations sheds light on the functional
network dynamics within the brain, as it is believed that the syn-
chronised firing of neurons in different brain regions is key to
their communication.14 Previous basic research on the connectivity
between the amygdala and prefrontal regions showed increased
oscillatory coupling in the theta frequency range in mice in fear con-
ditioning and fear extinction processes.15

In addition, various studies underscore the important role of
low-frequency oscillations in the theta band in the context of
emotion regulation,16–18 but also in the context of cognition and
perception.19

Ertl et al16 investigated the role of frontal theta oscillations in
emotion regulation in healthy volunteers and showed increased
theta activity during cognitive reappraisal tasks as well as a correl-
ation between the strength of theta power and self-reported regula-
tion success. Scalp EEG limitations in detecting cortical–subcortical
interactions led to using self-reported affect ratings as proxies for
amygdala activation in emotion regulation, a method debated in
recent research. On the one hand, it has been reported that self-
reports of regulation success are associated with amygdala activa-
tion.20 However, on the other, research21 highlights the amygdala’s
broader role beyond mere emotion processing, questioning the
accuracy of self-reports in fully capturing amygdala activity in emo-
tional contexts.

Aims and hypotheses

The aim of this study was to investigate whether people with BPD
show different patterns in theta oscillations during emotion regula-
tion in a cognitive reappraisal task. Based on findings in previous
neuroimaging studies we hypothesised that individuals diagnosed
with BPD face challenges in effectively regulating negative affect,
resulting in reduced oscillatory coupling in the theta band compared
with matched controls. Regulation success was expected to be posi-
tively correlated with the strength of the theta activity.

Method

Participants

A sample of 25 women assigned a diagnosis of BPD (mean age:
27.2 years, s.d. = 6.3 years) and the same number of matched con-
trols were recruited for the study. The matching was based on sex
(assigned at birth), age (mean 25.7 years, s.d. = 5.6 years), education
and handedness (24 right-handed participants in each group).

Eligibility criteria for all participants excluded those currently
experiencing substance use challenges or significant physical or
neurological health conditions. For individuals in the control
group, additional eligibility criteria excluded those with any

history of receiving psychiatric care or a family history of mental
health diagnoses. Eligibility was determined through a compre-
hensive interview led by an experienced clinical psychiatrist or
psychologist with substantial clinical background. For participants
experiencing traits associated with BPD, a diagnostic assessment
was conducted using the Structured Clinical Interview for
DSM-IV Axis II Personality Disorders (SCID-II).22 To gauge the
emotional well-being of the participants, the Montgomery–
Åsberg Rating Scale for Depression (MADRS) was utilised.23

Inclusion in the study required a MADRS score below 10, indica-
tive of, at most, mild depression. Matched controls were recruited
from the community through advertisement and word of mouth.
The authors assert that all procedures contributing to this work
comply with the ethical standards of the relevant national and
institutional committees on human experimentation and with
the Helsinki Declaration of 1975, as revised in 2008. All proce-
dures involving human participants were approved by the
Ethical Committee of the Medical Association Hamburg
(PV4009). Written informed consent was obtained from all
participants.

Stimuli

As stimuli, 100 negative and 50 neutral pictures were selected from
the International Affective Picture System.24 Pictures were not
repeated throughout the experiment. The negative pictures
showed scenes such as accidents, injuries or assault, whereas the
neutral pictures showed scenes such as everyday objects or people
in common life situations.

Emotion regulation strategy

The concept of cognitive reappraisal strategies in emotion regula-
tion was introduced to the participants prior to the experiment.
The standardised instruction for cognitive reappraisal given to
each participant was the German translation of the instructions
used in various other studies.25–27 Participants were asked to
reappraise any negative pictures in a positive way. They were
instructed to go beyond the apparent or surface meaning of depicted
events and to reconsider the possible antecedents, outcomes and/or
reality of the events. After a training set, when the participants
reported that they found an efficient emotion regulation strategy,
the main experiment began.

Paradigm

The paradigm is a modified version of the one used in a previous
study by our group.16 Three conditions were created: the neutral
condition with presentation of a neutral picture followed by the
regulation instruction ‘fortfahren’ (Engl. maintain), the mainten-
ance condition with presentation of a negative picture followed by
the regulation instruction ‘fortfahren’ (Engl. maintain) and the
reappraisal condition with presentation of a negative picture fol-
lowed by the regulation instruction ‘verringern’ (Engl. decrease),
which prompted the participants to apply their emotion regulation
strategy. Participants were instructed to let themselves react to the
depicted scene as they naturally would whenever they heard the
instruction ‘fortfahren’ (Engl. maintain). Thereafter, the partici-
pants were instructed to rate their current emotion using a visual
emotion rating scale presented on the screen, with extremes
marked as ‘negative’ (maximum score, 100) and ‘neutral’
(minimum, 0). The sequence of a trial is depicted in Fig. 1 and a
description can be found in the Supplementary material available
at https://doi.org/10.1192/bjo.2024.17.

The experiment consisted of three experimental blocks with a
break of 5 min between the blocks. The entire experiment took

Haaf et al

2
https://doi.org/10.1192/bjo.2024.17 Published online by Cambridge University Press

https://doi.org/10.1192/bjo.2024.17
https://doi.org/10.1192/bjo.2024.17


about 60 min. Each of the three experimental blocks consisted of 50
trials with a pseudo-randomised order of conditions.

Questionnaires

Prior to the EEG recording, each participant filled in a German
version of the Emotion Regulation Questionnaire (ERQ).28

Participants’ handedness was assessed by means of the Edinburgh
Handedness Inventory.29

EEG acquisition

The EEG recording took place in a sound-attenuated and electric-
ally shielded room. Participants were seated on a slightly reclined
chair facing a 19-inch computer monitor. The distance between
the participants’ eyes and the monitor was approximately 1 m.
Instructions were presented via headphones. Continuous EEG
was recorded using Ag/AgCl electrodes mounted in a 64-
channel actiCAP system (Brain Products, Gilching, Germany)
and BrainVision Recorder® software for Windows, version 1.20
(Brain Products). Electrodes were positioned in an extended 10/20
system with FCz as the reference electrode. The impedances were
always kept below 5 kΩ.

EEG pre-processing

EEG data analysis was conducted in Matlab for Windows
(MathWorks®) using the open-source toolbox Fieldtrip.30 EEG
data were segmented into 13 s epochs starting 6 s prior to the
instruction, filtered with a low-pass filter (100 Hz), a high-pass
filter (0.3 Hz) and a band-stop filter for line noise (50 Hz),
detrended and demeaned. Thereafter, noisy channels were
interpolated.

Trials containing prominent muscle and movement artifacts
were semi-automatically detected and rejected from further ana-
lysis. After re-referencing to a common average reference, eye
movements and blink artifacts were corrected using independent
component analysis (ICA) on appended trials.

Ratings of emotions were averaged for each participant and con-
dition. Ratings of emotions for one participant were not acquired

because of technical problems. Given that the EEG data had suffi-
cient quality, this participant was excluded only for analyses involv-
ing the ratings of emotions.

Time–frequency analysis of induced activity

The trial-averaged event-related potential for each condition (time-
locked to the onset of the regulation instruction) was subtracted
from the corresponding pre-processed single-trial segments to
obtain the induced activity. Next, time–frequency analysis was per-
formed on these data using a sliding Hanning window with a 50 ms
slide. The length of the time window for time–frequency analysis
was set to 2 s for each frequency between 1 and 30 Hz (0.5 Hz
steps). Subsequently, frequency-wise baseline correction (subtrac-
tion) was applied using a baseline period from 1.2 to 0.2 s prior to
picture onset. Averages were calculated for each participant and
condition separately, and these were used for calculation of grand
averages for each group and condition.

To compute the regulation-associated theta activity, the individ-
ual mean activity in the maintenance condition was subtracted from
the individual mean activity in the reappraisal condition. Based on
previously published results16–18 our analysis focused on regulation-
associated theta activity (3.5–8.5 Hz) following the regulation
instruction (1–5 s).

Differences in regulation-associated theta activity in the partici-
pants with BPD compared with the matched controls were tested
using a non-parametric, permutation-based statistical approach
using the MATLAB toolbox FieldTrip, which incorporates spatial
clustering for multiple comparisons correction.

Initially, the two-sided independent-samples t-statistics for each
electrode comparing the two groups are calculated. Electrodes
showing a preliminary indication of significant differences (α <
0.05) are then considered for cluster formation. Spatial clusters
are formed by grouping these neighbouring electrodes. The sum
of the t-statistics within each cluster is calculated to represent the
cluster-level statistic.

The formation of these initial clusters is followed by permuta-
tion testing involving 100 000 randomisations. In each permutation,
data labels are randomly shuffled and the entire process of

Rating of the
present
emotion

Relax

0 0.5 3 6 0 2

s

13
Rating

s
Induction Regulation

Fig. 1 The sequence of the cognitive reappraisal task.

The trial started with a black screen presented for 500 ms, followed by presentation of a fixation cross for 2.5 s. The fixation cross was used to reduce eyemovements and focus the
gaze at the centre of the screen for picture onset. Thereafter, the picture was presented for 10 s. Three seconds after picture onset a digitised human voice gave a one-word
regulation instruction ‘verringern’ (Engl. decrease) or ‘fortfahren’ (Engl. maintain), marking the beginning of the emotion regulation phase of the trial. An emotion rating scale was
then presented on the screen, with extremesmarkedwith ‘negative’ (maximum rating value 100) and ‘neutral’ (minimum rating value 0) and participantswere instructed to rate their
current emotion by moving a bar on the scale using a computer mouse. After pressing the mouse button, the word ‘relax’ appeared on the screen for 2 s and the trial ended.
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calculating t-statistics, identifying significant electrodes, forming
clusters and summing their t-statistics is repeated. This generates
a distribution of cluster-level statistics under the null hypothesis
of no group difference. The P-value of the initial cluster is derived
from this distribution by determining the proportion of permuta-
tions in which the recalculated cluster-level statistic was as
extreme as or more extreme than the observed initial cluster.
Adjusting this proportion to account for the total number of permu-
tations provides the P-value.

eLORETA source localisation of the theta power

The pre-processed single trials of induced theta activity were re-
segmented to the regulation phase (1–5 s after the regulation
instruction) and to the baseline period (1.2–0.2 s prior to picture
onset). A subsequent fast Fourier transformation was performed
using a Hanning taper with 0.5 Hz steps from 3.5–8.5 Hz (with
data zero-padded to the onset of the regulation instruction). On
the averages of these complex data, the exact low-resolution brain
electromagnetic tomography (eLORETA)31 algorithm (as imple-
mented in the METH toolbox) was applied for each participant to
calculate source power values for each voxel in the source grid
(2839 voxels located on the cortical surface). These values were
then normalised for each voxel by dividing them by the respective
baseline period power values, thus obtaining a theta power ratio. To
explore the regulation-associated variations in the theta power ratio,
a voxel-wise comparison was conducted. This involved subtracting
the theta power ratio of the maintenance condition from the theta
power ratio of the regulation condition for each participant.

In this analysis, a comprehensive whole-brain comparison was
conducted to investigate differences in theta power ratio changes,
employing a two-sided hypothesis test with a significance threshold
set at an alpha level of 0.05. Determination of statistical significance
for the observed differences was achieved through a permutation-
based approach, starting with calculating the mean theta power
ratio difference between the two groups for each voxel. This was fol-
lowed by 100 000 permutations, wherein each permutation involved
randomly reassigning the group labels of the data and recalculating
the mean differences for these newly formed groups. This process
generated a distribution of mean differences under the null hypoth-
esis, which assumes no actual difference between the groups.

P-values were derived from this distribution by determining the
proportion of permutations in which the recalculated mean differ-
ence was as extreme as or more extreme than the observedmean dif-
ference for each voxel. Adjusting this proportion to account for the
total number of permutations provided the P-value for each voxel.

Multivariate interaction measure (MIM)

Whole-brain functional connectivity was analysed by calculating
the multivariate interaction measure (MIM) within the theta fre-
quency band (3.5–8.5 Hz) on the pre-processed single-trial data.32

MIM is a coupling measure robust to artifacts of volume conduc-
tion, i.e. it vanishes for a linear mixture of independent sources,
which otherwise causes a severe problem for coupling analysis not
only at the sensor level but also at the source level because inverse
calculations are not unique and cannot avoid mixing of true brain
sources. MIM is designed to address the multivariate nature of esti-
mated source activities in a voxel, i.e. it is a three-dimensional signal
corresponding to three source directions. MIM calculates the coup-
ling between two voxels in a way that is invariant to rotations of
source orientations for each voxel. It can be expressed as a sum of
three eigenvalues, reducing the interaction measure to a single
value per frequency band and pair of voxels. The largest eigenvalue
here is the coupling corresponding to those source orientations that
maximise the coupling for each given pair of voxels (the other

eigenvalues contain additional orthogonality constraints analogous
to a typical principal component analysis decomposition). This
approach should be contrasted with alternatives in which the
source direction is assumed to be fixed, for example by maximising
power for each voxel. These alternatives can miss relevant coupling
because strong sources are not necessarily the ones with strong
coupling.

For this study, MIM was applied to assess interactions between
individual voxels and the entire cortex. Connectivity for each voxel
was calculated by averaging its MIM values with those of all other
voxels, providing a detailed view of its connectivity with the
whole cortex.

It is important to note that MIM effectively measures interac-
tions between distinct brain areas, rather than within them.
Particularly, in our voxel-to-whole-brain connectivity analysis,
where we examined how each voxel connects on average to all
other voxels on the cortex surface, this characteristic of MIM is
pivotal. Significant findings in this context imply that a particular
voxel has notable connections to other regions across the cortex.
These connections are not due to internal changes or mixed activ-
ities within the voxel itself, but rather represent true interactions
between that voxel and the broader brain network. Such results
are key to understanding the role of specific brain areas in overall
brain function and connectivity.

The statistical approach for analysing functional connectivity
differences mirrored that employed for source power analysis.

Statistics

All statistical analyses were performed in Matlab (MathWorks® for
Windows). Differences between groups with respect to the demo-
graphic data, interpolated electrodes and ICA components were
assessed with independent-sample t-tests. The differences in
number of trials and the ratings of emotional responses between
the groups and the conditions (within-participant) were tested
with a mixed-model two-way analysis of variance (ANOVA).
When significant interaction effects (group × condition) were
observed, we conducted Bonferroni-corrected simple-effects ana-
lyses. In the absence of significant interactions, we focused on ana-
lysing the main effects. The differences in ERQ scores were analysed
in a similar way, using the ERQ facet scores Cognitive Reappraisal
(‘Reappraisal’) and Expressive Suppression (‘Suppression’) as the
within-participant factors.

The prediction of regulation-associated theta activity differ-
ences via ERQ scores and behavioural ratings was tested with a mul-
tiple linear regression.

Statistical significance was set at an alpha level of 0.05 for all
analyses.

Results

Behavioural results

Both groups reported less negative emotions in the reappraisal
condition compared with the maintenance condition, as indicated
by a significant condition effect (F1,94 = 28.7, P < 0.001).
Specifically, participants with BPD reported lower (Padjusted =
0.007) negative emotion ratings in the reappraisal condition
(mean 42, s.d. = 21) than in the maintenance condition (mean 58,
s.d. = 25). In comparison, the matched control group reported
slightly lower ratings in the reappraisal condition (mean 35, s.d. =
19), showing a similar trend of reduced (Padjusted < 0.001) negative
emotion ratings compared with the maintenance condition (mean
56, s.d. = 21). We did not observe significant differences between
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groups depending on the condition (interaction term; F1,94 = 0.62,
P = 0.43) or between groups (F1,94 = 1.04, P = 0.31).

ERQ rating

The evaluation of the ERQ ratings indicated a significant interaction
effect between groups and specific questionnaire facets (F1,96 = 15.2,
P < 0.001). The follow-up simple effects analysis uncovered that
participants with BPD had notably lower (Padjusted = 0.006)
Reappraisal scores (mean 21, s.d. = 8) than matched controls
(mean 27, s.d. = 7). Conversely, these participants reported higher
(Padjusted = 0.048) Suppression scores (mean 15, s.d. = 5) compared
with their matched controls (mean 12, s.d. = 5).

Sensor-level theta power

The cluster-based permutation test showed a significantly higher
increase in regulation-associated theta activity (reappraisal condi-
tion minus maintenance condition) in matched controls than in
members of the BPD cohort. This difference was observed in right
frontocentral sensors (FC4, FC6, F6 and F8; Pcluster = 0.039; Fig. 2
(c)). Essentially, during cognitive reappraisal, matched controls dis-
played amore pronounced elevation in theta activity from themain-
tenance condition compared with the BPD cohort, particularly in
these frontocentral regions. The follow-up individual analysis
within both the matched controls and the BPD cohort, however,
revealed no significant differences between the reappraisal and
maintenance conditions.

Multiple linear regression was used to predict the differences in
theta activity of the significant cluster between the reappraisal con-
dition and the maintenance condition based on the ERQ

Reappraisal and Suppression facet scores as well as the differences
of emotional ratings.

In our analysis of regulation-associated theta activity in the BPD
cohort, the overall multiple linear regression model approached but
did not reach statistical significance (F3,20 = 3.04, P = 0.053, R² =
0.31). In an explorative approach, we further examined the contri-
butions of individual predictors within this model. Notably, the
ERQ Reappraisal score emerged as a significant predictor after con-
ducting a Bonferroni correction for multiple comparisons (t20 =
2.68, Padjusted = 0.02; Fig. 3). Specifically, each unit increase in the
Reappraisal score was associated with an increase of 0.02 μV² in
regulation-associated theta activity. In contrast, the other predictors
in the model, namely the ERQ Suppression score (t20 =−0.47,
Padjusted = 1) and the differences in emotional ratings (t20 =−1.1,
Padjusted = 0.59), did not show significant contributions.

No significant regression equation was found for matched
controls (F3,21 = 0.75, P = 0.48).

Theta source power

The voxel-wise whole-brain comparison of the theta-power ratio
differences (reappraisal condition minus maintenance condition)
revealed a larger increase of theta source activity in the control
group compared with the BPD group in three clusters (Fig. 4): a
large cluster in the left occipital regions, a cluster of nine voxels in
the right dlPFC (Montreal Neurological Institute (MNI) coordi-
nates of the cluster centrum: x = 41, y = 35, z = 40) and a cluster in
the left inferior temporal lobe (all P < 0.05, two-sided).

Follow-up analyses revealed no significant within-group differ-
ences, but based on our previous results, we performed a one-tailed
test (cut-off level P < 0.05) and found a significant increase in theta
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source power in a cluster of seven voxels in the right dlPFC in the
control group (cluster centrum: x = 42, y = 34, z = 35; Fig. 5). No dif-
ferences were found for the BPD group.

Theta functional connectivity

The voxel-wise comparison of regulation-associated changes of
whole-brain functional connectivity (reappraisal condition minus
maintenance condition) revealed significantly larger MIM increases
in the control group compared with the BPD group in three clusters
(Fig. 6): a large cluster in the middle frontal gyrus comprising 39
voxels in the right dlPFC and frontal eye fields (cluster centrum:
x = 47, y = 17, z = 43), a large cluster in the superior motor cortex

and a small cluster in the left primary somatosensory cortex (all
P < 0.05, two-sided).

Discussion

In the present study, we investigated oscillatory brain dynamics
during the regulation of emotions by cognitive reappraisal to deter-
mine whether there are differences between women diagnosed with
BPD and matched controls in the coupling of theta oscillations in
frontal brain regions. In line with our hypotheses, we found signifi-
cant differences in the theta band (3.5–8.5 Hz) between patients and
matched controls. Our analyses further revealed that during

0.80

0.55

0.30

0.05

–0.20

� 
Th

et
a 

cl
us

te
r 

ac
tiv

ity
 (R

C
 –

 M
C

)
[�V2]

–0.45

–0.70
5 10 15 20 25

ERQ Reappraisal score
30 35 40

Fig. 3 Scores on the Cognitive Reappraisal facet of the self-rated Emotion Regulation Questionnaire (ERQ) and their relation to regulation-
associated theta activity in women with borderline personality disorder. RC, reappraisal condition; MC, maintenance condition.

0.2

0.1

0

Po
w

er
 [�

V2 ]

P < 0.05, two-sided

–0.1

–0.2

(a)

RH

LH

(b)

Fig. 4 (a) Comparative difference map displaying regulation-associated brain activity between matched controls and women with borderline
personality disorder (BPD). (b) Areas (blue voxels) where matched controls exhibited significantly higher source activity compared with the BPD
cohort. LH, left hemisphere; RH, right hemisphere.

Haaf et al

6
https://doi.org/10.1192/bjo.2024.17 Published online by Cambridge University Press

https://doi.org/10.1192/bjo.2024.17


reappraisal oscillatory theta activity was increased in a frontal cluster
within the right dlPFC, but only in the matched control sample. The
group comparison revealed a significantly lower increase of theta
activity within this dlPFC cluster during reappraisal in the partici-
pants with BPD. Nonetheless, the self-rated emotion regulation strat-
egy score for reappraisal was found to be significantly positively
associated with reappraisal-associated differences in theta activity in
the BPD cohort. Analyses of regulation-associated changes in func-
tional connectivity in the theta frequency range revealed a reduced
connectivity between a cluster encompassing the right dlPFC
cluster and all other cortex regions in the participants with BPD.

Previous research on theta oscillatory activity in the downregula-
tion of negative emotions among healthy individuals has consistently
shown an increase in this activity, albeit with variations in timing and
spatial distribution.16–18 These studies have explored various regula-
tion strategies, such as cognitive reappraisal, distancing and distrac-
tion. Notably, both distraction17 and distancing18 are associated
with an early surge in theta activity taking place in the first second
within frontal regions, likely linked to an initial, automatic assessment
of the emotional stimulus. In contrast, cognitive reappraisal,16 a more

complex strategy, involves a self-relevant reinterpretation of the emo-
tional stimulus and engages various regions within a frontoparietal
executive network7 during later processing stages (1–5 s). In our
study, although a comparable increase in theta activity in frontal
areas during reappraisal was observed, we did not find a correlation
between this activity and regulatory success in healthy controls, as
reported by Ertl et al.16 This divergence could be due to variations
in experimental design and statistical approaches.

One mechanism common to the various approaches is that dif-
ferent brain areas most likely have to interact with each other in the
application of emotion regulation strategies.14 Neuroimaging
studies have demonstrated increased activity in prefrontal areas,
as well as decreased amygdala activity during the application of
downregulating strategies.6 Accordingly, animal studies using fear
conditioning and extinction paradigms show that there is increased
coupling in the theta band between prefrontal areas and subcortical
areas such as the amygdala.15,33 Taken together with previous
results on the role of theta in the early processing of emotion, we
propose theta dynamics as a marker for different stages of
emotion regulation.
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Fig. 5 (a) Regulation-associated source activity (reappraisal condition minus maintenance condition) in the control cohort. (b) Areas (blue
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Previous findings on the neural correlates of emotion regulation
in individuals diagnosed with BPD point to an aberrant frontolim-
bic inhibitory network underlying the inter- and intrapersonal emo-
tional deficiencies.11,12,21 Yet, to our knowledge no prior study has
reported on emotion regulation-associated oscillatory activity in
people diagnosed with BPD in comparison with volunteers
without a history of receiving psychiatric care. Using source local-
isation, our results revealed larger differences in theta source activity
in the control group compared with the BPD group in a large cluster
in the left occipital regions, a cluster in the right middle frontal gyrus
and a cluster in the left inferior temporal lobe. The individual ana-
lysis for each group highlighted a significant increase of theta source
power in the right middle frontal gyrus in the reappraisal condition
compared with the maintenance condition for the matched con-
trols. However, this difference could not be seen in the BPD
cohort. In line with previous neuroimaging studies, the observed
differences may be indicative of aberrant activity of a frontoparietal
network in BPD, which has been linked to successful cognitive
reappraisal.6,7

Further, analysis of functional connectivity for regulation-
associated changes in the theta frequency band revealed a significant
increase in the multivariate interaction measure (MIM) in the
frontal brain areas in controls compared with the BPD sample. As
reappraisal success in the downregulation of emotion has been
linked to effective connectivity between frontal brain regions asso-
ciated with cognitive control, such as the inferior frontal gyrus
and dorsal prefrontal regions,34 our results support the notion
of diverging frontal brain activity in individuals diagnosed
with BPD.9–11

Our findings add to previous neuroimaging studies showing
that the downregulation of negative emotions is associated with
coupling in the theta band between prefrontal regions and the
amygdala.7 Consistent with previous studies of increased frontal
theta oscillations during cognitive reappraisal in individuals
without a history of receiving psychiatric care16 and of distinct con-
nectivity patterns underlying mental disorders characterized by
challenges in emotion regulation,34 our findings reveal specific, dif-
fering theta dynamics in BPD. In this context, our results may help
to clarify altered oscillatory dynamics in psychiatric disorders and
thereby provide a basis for future research on new treatment
strategies.

Limitations and prospective studies

In this study, the participants’ initial emotional responses to the
images, prior to their engagement in emotion regulation strategies,
were not assessed. Thus, regulatory success for each stimulus was
not measured directly, and therefore results on regulatory success
should be treated with caution. Additionally, the non-significant
overall regression model for the BPD cohort (P = 0.053) and reli-
ance on individual predictors such as the ERQ Reappraisal score
necessitate cautious interpretation, especially given our study’s
small sample size. These results underscore the need for further
research with larger samples and varied methodologies to robustly
delineate the role of specific emotion regulation strategies in indivi-
duals with BPD. Moreover, the small sample size of our study may
explain the missing correlation between regulatory success and
theta performance at the sensor level in the control group. Owing
to the amygdala’s subcortical location, EEG-based source localisa-
tion cannot directly measure its activity or its interactions with pre-
frontal areas. This limitation is compounded by the use self-
reported emotion regulation success as a proxy for amygdala activa-
tion, given the variability and subjective nature of self-reported
measures. Individuals’ self-reports can vary widely and be

influenced by factors such as introspective accuracy and social desir-
ability, which may not consistently reflect actual amygdala activa-
tion patterns.

Given the low spatial resolution of EEG and the potential draw-
backs of indirect estimates of limbic activity, future studies could
employ the method of simultaneous EEG–fMRI.35 EEG-informed
fMRI analyses provide the possibility to investigate oscillatory net-
works comprising subcortical structures.35 This approach might
allow more precise recordings of the synchronisation in the theta
band during emotion regulation involving subcortical limbic
structures.

Interesting new approaches to modulate neurodynamics in psy-
chiatric conditions include transcranial direct current stimulation
(tDCS) and transcranial alternating current stimulation (tACS).36

For example, enhancing dlPFC excitability through tDCS led to a
more successful downregulation of negative emotions by cognitive
reappraisal.37 By altering varying brain oscillations, tACS has
been suggested to be a potentially effective method without severe
side-effects in the treatment of various psychiatric disorders,
according to a recent review.38 Our results suggest the application
of tACS to target emotion regulation deficits in a spatially and
frequency-adapted individualised manner.
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