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A B S T R A C T

Objective: Intense anger and anger-related aggression are frequently reported by patients with borderline per-
sonality disorders (BPD). Recent results suggest that anger-related aggression and its control is associated with a
complex interplay of different neural systems in BPD. To further investigate this, we complement standard
activation and seed-based connectivity analyses by examining whole-brain changes in functional connectivity
during anger and reactive aggression in BPD.
Methods: We reanalyzed functional MRI data from 33 women with BPD, all of them fulfilling BPD criterion 8,
“anger proneness”, according to DSM-IV, and 30 healthy women. Subjects performed a script-driven imagery
task consisting of four phases: baseline, anger-induction by a narrative of interpersonal rejection, a narrative of
directing physical aggression towards others, and relaxation. We used a data-driven, spatially constrained
spectral clustering approach to parcellate the brain into 200 regions. For each script-phase and subject, we
computed the full connectivity matrix using wavelet coefficient correlations in the 0.05–0.10 Hz range. We
calculated the individual increase in connectivity from baseline to the anger-induction and physical aggression
phases by subtracting the corresponding connectivity matrices per subject, as well as the increase and decrease
from the anger-induction to the aggression phase. We then applied permutation-based sampling to determine a
combined threshold on the strength of individual connections and the size of the discovered networks for these
difference matrices.
Results: We discovered a single, large network showing a significantly stronger increase in connectivity from
baseline to the aggression phase in female patients with BPD compared to healthy women. This network consisted
of regions in the anterior and posterior cingulate cortex, precuneus, dorsomedial prefrontal cortex, superior and
middle temporal gyrus, hippocampus, insula, ventrolateral and dorsolateral prefrontal cortex, superior parietal
lobe, thalamus, precentral and postcentral gyrus, caudate, pallidum, cerebellum, middle occipital lobe, lingual
gyrus, calcarine sulcus, and fusiform gyrus. Hub regions with highest node centrality were found in the right
caudate and left thalamus. We found no significant differences for the increase of connectivity from baseline to
anger-induction, as well as for the increase or decrease from the anger-induction to the aggression phase.
Conclusions: We identified a large network showing a significantly stronger increase in connectivity from
baseline to the aggression phase in female patients with BPD compared to healthy women. The regions con-
stituting this network belong to four previously described functional networks: The frontoparietal cognitive
control network, the extended default mode network, the visual system, and the motor system. This stronger
increase in connectivity between regions of different functional brain systems associated with cognitive control
of behavior, socio-affective and self-referential thinking, as well as salience processing and emotion regulation,
visual perception, and action is mediated via hubs in the thalamus and caudate, i.e., core components of the
thalamocorticostriatal motor loop essential for action selection and initiation. These findings suggest increased
interaction of prefrontal cognitive control processes with thalamocorticostriatal action-selection processes in
female patients with BPD during the processing of aggressive action impulses, which are facilitated by states of
high emotional salience and associated processes of self-referential and social processing, and ineffective emo-
tion regulation.

https://doi.org/10.1016/j.pnpbp.2019.03.004
Received 18 July 2018; Received in revised form 26 February 2019; Accepted 7 March 2019

⁎ Corresponding author at: Dep. of General Psychiatry, Center of Psychosocial Medicine, Heidelberg University, Voßstr. 4, 69115 Heidelberg, Germany.
E-mail address: Kai.Ueltzhoeffer@med.uni-heidelberg.de (K. Ueltzhöffer).

Progress in Neuropsychopharmacology & Biological Psychiatry 93 (2019) 46–54

Available online 16 March 2019
0278-5846/ © 2019 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/02785846
https://www.elsevier.com/locate/pnp
https://doi.org/10.1016/j.pnpbp.2019.03.004
https://doi.org/10.1016/j.pnpbp.2019.03.004
mailto:Kai.Ueltzhoeffer@med.uni-heidelberg.de
https://doi.org/10.1016/j.pnpbp.2019.03.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pnpbp.2019.03.004&domain=pdf


1. Introduction

Intense anger and anger-related aggression are highly prevalent in
individuals suffering from borderline personality disorder (BPD),
causing an immense burden for both the individual patient and society
(Black et al., 2007; McCloskey et al., 2009; Sansone and Sansone,
2009). Many patients show aggressive outbursts against others, often
acquaintances or significant others (Newhill et al., 2009). These beha-
viors frequently result from intense anger caused by perceived inter-
personal threat, such as provocation, rejection, or exclusion. Thus,
these behaviors fit the term reactive aggression (Newhill et al., 2009;
Newhill et al., 2012; Zanarini et al., 2017). The underlying psycholo-
gical and neural mechanisms are theorized to be multi-factorial due to a
range of dysfunctions. These include emotion dysregulation, im-
pulsivity, threat hypersensitivity, reduced cognitive empathy, and re-
duced self-other-differentiation, implying a multitude of compromised
neural systems (Mancke et al., 2015). Empirically, emotion dysregula-
tion and high levels of trait anger were shown to be mediating factors of
increased reactive aggression in BPD (Mancke et al., 2017; Newhill
et al., 2012; Scott et al., 2014).

Functional magnetic resonance imaging (fMRI) studies have found
significant differences between patients with BPD and healthy controls.
A recent meta-analysis integrated results from 19 fMRI studies in-
vestigating the processing of negative compared with neutral stimuli in
281 patients with BPD and 293 healthy control subjects. This analysis
revealed enhanced activation in the limbic system, namely the left
amygdala and posterior cingulate cortex, and decreased activation in
the bilateral dorsolateral prefrontal cortex (dlPFC) in patients with BPD
(Schulze et al., 2016). These findings are consistent with heightened
emotional responses, in terms of increased limbic activity, and deficits
in emotion regulation, in terms of prefrontal hypoactivation. However,
results from individual imaging studies on prefrontal activations during
emotion processing differ significantly. A recent review (Bertsch et al.,
2018) noted that these divergences might be related to different in-
structions given on emotion regulation strategies: Reduced prefrontal
activations were reported in studies in which patients were explicitly
instructed to use reappraisal in order to regulate their emotions after
exposition to negative emotional stimuli (Koenigsberg et al., 2009;
Schulze et al., 2011). No differences or even increased prefrontal acti-
vations were however reported in paradigms without explicit instruc-
tions on emotion regulation strategies to be applied (Cullen et al., 2016;
Herpertz et al., 2017). The latter include a recent study, in which we
found elevated right lateral orbitofrontal cortex and right dlPFC acti-
vations in male patients with BPD both compared to female patients
with BPD and male healthy controls during imagined aggressive be-
havior against others (Herpertz et al., 2017). In this study, female
groups did not differ significantly in neural responses in the limbic
system or frontal cortex during the imagination of anger-inducing si-
tuations or aggression against others. However, using seed-based con-
nectivity analyses starting from the left amygdala, a stronger increase in
connectivity between amygdala and posterior middle cingulate cortex
from baseline to imagined aggression was found in female patients
compared to healthy women. Together with a positive modulation of
amygdala-dlPFC connectivity increase from baseline to the aggression
condition by trait anger in female patients, this suggests a stronger
coupling between cognitive control processes and action-selection
processes in states of emotional arousal. Furthermore, a resting-state
study revealed increased resting state connectivity within the salience
network and the cognitive control network, but decreased connectivity
between the two in patients with BPD compared to healthy controls
(Doll et al., 2013).

Until now, studies on functional changes of whole-brain networks
during anger and aggression in BPD are missing. Aggression in BPD is
theorized to be a multi-dimensional phenomenon, spanning many
psychological functions and neural systems. Thus, extending local ac-
tivation and seed-based connectivity by brain-wide connectivity

analyses may provide new insights into the underlying dynamic
changes in extended functional networks. This expectation is promoted
by previous reports of task-related changes in functional connectivity
beyond regions featuring significant activations (Gerchen et al., 2014).
Furthermore, recent results show that behavior can crucially depend on
changes in large scale brain networks: The performance in a working
memory task could be predicted from the reconfiguration patterns of
brain-wide functional networks during task preparation (Ekman et al.,
2012). Similarly, in a multi-session learning task, the amount of
learning during a later session could be predicted from the flexibility of
reconfiguration patterns measured during the first experimental session
(Bassett et al., 2011). Therefore, we adapted and combined a range of
existing algorithms into a coherent framework for whole-brain func-
tional connectivity analyses (Craddock et al., 2012; Ekman et al., 2012;
Zalesky et al., 2010) to re-examine the functional imaging data of fe-
male patients with BPD and healthy women from an earlier study
(Herpertz et al., 2017). This allowed us to examine dynamic changes in
global, large scale brain networks during anger and reactive aggression
in female patients with BPD and healthy controls.

Building on previous neuroimaging findings, which support the idea
that female patients with BPD require stronger coupling between pre-
frontal and limbic regions to control their aggression in a state of
emotional arousal, our hypothesis was to find large scale brain net-
works showing a stronger increase in connectivity from baseline to the
anger-induction phase and the aggression phase. These should include
prefrontal regions, associated with the cognitive control of actions and
emotions, and limbic regions, associated with increased emotional
arousal.

2. Methods and materials

2.1. Participants

Recruitment was done by the central project of the KFO 256, a
Clinical Research Unit funded by the German Research Foundation
(DFG) dedicated to investigating mechanisms of disturbed emotion
processing in BPD (Schmahl et al., 2014). Hence, all projects which
originate from the KFO 256 include subjects from a joint database. As
most of the psychiatric in- and outpatients undergoing treatment for
BPD are female, and as most of the previous work has focused on female
patients, we restricted our study to the female patients and healthy
women of the sample of (Herpertz et al., 2017). Thus, we reanalyzed
functional fMRI data from 33 women with a current diagnosis of BPD
(fBPD; Mage= 26.2, SD=5.7 years) and 30 age-matched healthy
women who had never received a psychiatric diagnosis or undergone
any psychological or psychopharmacological treatment (fHC;
Mage= 27.7, SD=6.4 years). Psychometric data, standard fMRI acti-
vation results, and seed based connectivity analyses were reported
previously (Herpertz et al., 2017). Details on comorbidities, age, IQ,
education, and trait measures are given in Table 1.

After an initial telephone screening, the diagnosis of BPD and Axis I
and II comorbid disorders was assessed by qualified diagnosticians
using the Structured Clinical Interview for DSM-IV and International
Personality Disorder Examination. In addition to the inclusion criteria
of BPD according to DSM-IV, all patients had to fulfill BPD criterion 8,
“anger proneness”. The Ethics Committee of Heidelberg University's
Medical Faculty approved the study. All participants provided written
informed consent and were paid for their participation.

2.2. Task

A script-driven imagery paradigm was used. Participants listened to
four standardized scripts read by professional actors. They were in-
structed to imagine the scenes as vividly as possible without explicit
instructions to apply emotion regulation strategies. Each script con-
sisted of four separate phases: description of a neutral baseline
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situation, anger-induction by a narrative of interpersonal rejection with
emotional emphasis by the reading actor, narrative of directing mod-
erate physical aggression towards others, and relaxation. Each phase
lasted 25 s with 8 s inter-phase intervals. The individual phases were
always presented in this order to present a coherent story. A full script
was always followed by ratings of the emotional state on 5-point Likert
scales: feelings of anger after the anger-induction phase and after the
aggression phase, dissociation, derealization, and vividness of imagi-
nation. There was a 20 s inter-script interval between two successive
scripts. A detailed description of the scripts and the English translation
of a sample script are presented in supplementary material 1.

Within the same fMRI experiment, four further scripts were in-
cluded in which the aggressive phase was replaced by a narrative of

auto-aggression. These scripts followed a separate research question
and the data will be reported elsewhere. Thus, the present analysis was
performed on the functional MRI data of the four scripts which include
narratives of aggression towards others.

2.3. MRI data

Imaging data was acquired in a 3 T Tim Trio whole-body scanner
(Siemens, Erlangen, Germany) equipped with a 32-channel head coil.
Forty axial slices were acquired in each volume using a T2*-weighted
gradient echo planar imaging sequence (TR 2.350 s; TE 27ms; voxel
size 2.3× 2.3×2.3mm3). Additionally, isotropic high-resolution
(1mm3) T1-weighted coronal-oriented structural images were re-
corded. The four analyzed scripts amount to approximately 330 func-
tional volumes per subject.

2.4. Analysis of FMRI data

2.4.1. Preprocessing
The functional MRI data were preprocessed using SPM8 (http://

www.fil.ion.ucl.ac.uk/spm/sofware/spm8) and Matlab R2012b (The
MathWorks, Inc., Natick, Massachusetts, United States). The individual
functional images were slice-time corrected relative to the middle slice.
The resulting images were realigned and resliced, using the SPM default
settings. The T1-weighted anatomical image was co-registered to the
resulting mean functional image. The co-registered anatomical image
was segmented, yielding normalization parameters that were subse-
quently applied to the individual functional images, thereby normal-
izing them into Montreal Neurological Institute (MNI) space. Finally,
the functional images were smoothed with a Gaussian kernel of 8.0mm
full width half maximum (FWHM). All operations were performed using
SPM8 default settings.

2.4.2. Spatially constrained spectral clustering
Each script phase and the self-ratings were modeled at the first level

using an event-related design in SPM8. Additional regressors were
added for the 6 movement parameters (3 rotations, 3 translations)
calculated during the realignment step of the preprocessing. This model
was used to regress out motion artifacts and task effects on the func-
tional imaging data, as the clustering should be based on intrinsic, not
task-induced coactivation patterns (Gerchen et al., 2014). Spatially
constrained local clustering was subsequently performed on the re-
sulting residual images, using local correlations in the spontaneous
fluctuations as proxy for intrinsic local coactivation patterns. Following
(Craddock et al., 2012; Gerchen et al., 2014), for each subject a graph
was constructed by assigning a node to each voxel and adding an edge
whenever the Pearson correlation coefficient of the residual time series

Table 1
Sample description.

fBPD (N=33) fHC (N=30) fBPD vs fHC

Lifetime Current Lifetime Current

Affective
disorders

28 (85%) 10 (30%) 0 0

Substance ass.
disorders

5 (15%) 0 (0%) 0 0

Anxiety disorders 21 (64%) 18 (55%) 0 0
PTSD 10 (30%) 8 (24%) 0 0
Somatoform

disorders
5 (15%) 5 (15%) 0 0

Eating disorders 18 (55%) 11 (33%) 0 0
Adjustment

disorder
3 (9%) 3 (9%) 0 0

Antisocial PD 1 (3%) 1 (3%) 0 0
Avoidant PD 12 (36%) 11 (33%) 0 0

Mean Std. Mean Std. T p
Age (years) 26.19 5.70 27.69 6.38 −0.98 .332
IQ 109.15 10.93 111.55 12.64 −.803 .425
Years of

Education
11.64 1.46 12.21 1.19 −1.71 .092

ZAN-BPD 11.90 4.97 0.39 0.82 13.12 < .001
BPAQ 63.38 13.65 42.52 7.08 7.68 < .001
STAXI trait anger 24.28 5.65 14.29 3.67 8.35 < .001
STAXI control 21.12 4.22 24.11 5.12 −2.494 .015
DERS SUM. 123.48 16.30 63.60 14.33 15.26 < .001
BIS SUM. 77.81 12.15 59.63 10.23 6.39 < .001
FDS/DES total 19.86 13.61 3.37 2.84 8.80 < .001

fHC: female healthy controls; fBPD: female patients with BPD; PTSD:
Posttraumatic Stress Disorder; PD: Personality Disorder.
ZAN-BPD: Zanarini Rating Scale for Borderline Personality Disorder; BPAQ:
Buss and Perry Aggression Questionnaire; STAXI: State-Trait Anger Expression
Inventory; DERS: Difficulties in Emotion Regulation Scale; BIS: Barratt
Impulsiveness Scale; FDS/DES: Fragebogen für dissoziative Symptome (FDS),
which is the German version of the Dissociative Experiences Scale (DES).

Fig. 1. Regions resulting from group clustering, arbitrarily colored.
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of two adjacent voxels exceeded r=0.5. Adjacency was defined as
sharing a common face, edge, or corner, i.e. each voxel had a neigh-
borhood of 26 adjacent voxels. This led to a very large, but sparse
connectivity matrix. The set of nodes (i.e. voxels) V of the resulting
graph was partitioned into nclusters=200 non-overlapping sets A1,… ,
Anclusters of voxels (“clusters” corresponding to the resulting regions of
interest) by removing edges to minimize the following objective func-
tion:

… =
=

Ncut A A cut A V A
assoc A V( , , )

( , )
( , )n

i

n
i i

i
1

1
clusters

clusters

where cut(Ai,V− Ai) is the sum of all weights connecting nodes from
the set Ai to nodes from its complement, and assoc(Ai,V) is the total sum
of weights connecting nodes from the set Ai to any other node in the
graph. This normalization enforces clusters of approximately the same
size. Together with the initial structure of the graph, which was con-
structed based on spatial adjacency, this clustering method yielded
nclusters=200 localized clusters of similar size, where neighboring
voxels with similar fluctuation patterns were combined to the same
cluster. The resulting, individual adjacency matrices were averaged
over subjects. The same spectral clustering algorithm was applied to the
resulting average graph, to yield the group level clustering, shown in
Fig. 1. The average number of voxels in each cluster was 790 with a
standard deviation of 180. We picked the number of clusters
nclusters=200 and the corresponding average cluster size, because this
number yielded a connectivity matrix of approximately

=n 20,000connections
200·199

2 , which still allowed for statistical correc-
tions of multiple comparisons using permutation-based approaches. A
finer clustering would have allowed for a better resolution and there-
fore a better representation of small structures, such as the amygdala,
but would have precluded a principled correction for multiple com-
parisons, given the statistical power of our data.

2.4.3. Script-phase dependent connectivity matrices
To calculate script-phase dependent connectivity matrices, we cal-

culated the average time courses over each of the 200 regions, shifted
them back by 2 TR to account for the lag of the hemodynamic response
function and concatenated the time points of each condition (baseline,
anger, aggression, and relaxation). For each of these script-phase spe-
cific time courses, we calculated the full inter-regional (200×200)
connectivity matrices using the maximum-overlap discrete wavelet-
transform (MODWT, MATLAB Wavelet Toolbox) coefficient correla-
tions for wavelet scale two, i.e., in the frequency band between 0.05
and 0.10 Hz, as previous work indicated that functional association
between low-frequency components of the blood oxygen level depen-
dent (BOLD) response (0–0.15 Hz) can be attributed to task-related
functional connectivity, in contrast to high-frequency components
(0.2–0.4 Hz) (Bassett et al., 2011; Ekman et al., 2012; Sun et al., 2004).

2.4.4. Calculating dynamic changes in connectivity
As we were interested in dynamic changes in connectivity, relative

to baseline, we subtracted the individual baseline connectivity matrix
from the connectivity matrices during the anger and aggression phases
for each subject. Furthermore, to examine dynamic changes between
the anger and aggression phases, we also calculated the difference be-
tween the corresponding connectivity matrices.

2.4.5. Permutation-based correction for multiple comparisons
Using the subject-specific connectivity-difference matrices for each

condition, we performed two sample t-tests to test for differences in the
changes in connectivity relative to baseline between female borderline
patients (BPD) and healthy controls (HC). According to our hypothesis,
we only tested for a stronger increase from baseline to the anger and
aggression phases in patients with BPD compared to healthy controls.
For an exploratory analysis of changes in connectivity between the

anger and the aggression phase, we tested the difference matrices be-
tween these phases in both directions. Due to the large number of
connections ( =n 20,000)connections

200 199
2 even quite conservative

thresholds on individual connections would have led to a high number
of false positive results. Thus, we combined a threshold of p < .001 for
individual connections with a network-size threshold on the minimum
number of connections in a connected network component to correct
for multiple comparisons (Zalesky et al., 2010). This threshold was
calculated using a permutation-based algorithm: We randomly per-
muted the group labels 10,000 times. For each permutation, we cal-
culated the same pair-wise t-tests, thresholded the individual connec-
tions at p < .001, and calculated the size of the resulting, false positive
network components, in terms of the number of connections in each
connected component. We used the resulting distribution, shown in
Fig. 2, as null distribution. Thus, to yield a corrected p-value of
pfwe < 0.05 we had to combine the individual threshold of p < .001
with a threshold of k > 35 connections for each discovered network
component.

2.4.6. Node centrality
We quantified the centrality of a node by its degree d, which is

defined as the nodes' number of connections to other nodes in the
network.

2.4.7. Visualization
Slice views in Fig. 1 and Fig. 5 were created using MRIcron (Rorden

and Brett, 2000) and the ch2 anatomical template image (Holmes et al.,
1998). Three-dimensional brain networks in Fig. 3 were created using
the BrainNet Viewer (Xia et al., 2013). The circular network diagram in
Fig. 4 was created using the circularGraph function for MATLAB
(https://www.mathworks.com/matlabcentral/fileexchange/48576-
circulargraph).

2.4.8. Analysis of Self-Rating data
Self-rating data were compared between groups using paired t-tests

with Bonferroni-Holms correction for multiple testing (p < .05).

3. Results

3.1. Self-ratings

Self-ratings of the emotional state on 5-point Likert scales are shown

Fig. 2. Null distribution over the network size, in terms of number of connec-
tions, for a single-connection threshold of p < 0.001. A corrected pfwe < 0.05
corresponds to a single-connection threshold of p < 0.001 combined with a
threshold of k > 35 connections.
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in Table 2. Female BPD patients showed significantly higher ratings of
anger after the aggression phase, dissociation, derealization, and vi-
vidness of imagination. There was no significant difference in anger
after the anger-induction phase.

3.2. Anger phase

We did not find significant differences between female patients with
BPD and healthy controls in the increase of connectivity from baseline
to the anger-induction phase after correcting for multiple comparisons
with a combined threshold on the significance of individual connections
(p < .001) and the number of connections in the discovered networks

Fig. 3. Single network component showing a stronger increase from baseline to reactive aggression for patients with BPD compared to healthy controls. Regions are
color coded by their participation in either the extended default mode network (red), fronto-parietal cognitive control network (green), motor system (yellow), or in
the visual system (blue). Regions with degree d > 3 are labeled according to their predominant AAL label. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(k > 35).

3.3. Aggression phase

Applying the same combined threshold to the aggression-baseline
difference matrices, we found a single network component consisting of
40 regions and 42 connections which showed a significantly stronger
increase in connectivity from baseline to the aggression phase in female
borderline patients compared to healthy controls (pfwe=0.046). The
network is shown in Fig. 3 and consists of regions associated to the
extended default mode network (anterior and posterior cingulate
cortex, precuneus, dorsomedial prefrontal cortex, superior and middle
temporal gyrus, hippocampus, and insula (Gottlich et al., 2017)), the

fronto-parietal cognitive control network (ventrolateral and dorso-
lateral prefrontal cortex and superior parietal lobe (Dosenbach et al.,
2007)), the motor system in terms of the thalamocorticostriatal motor
loop (thalamus, precentral and postcentral gyrus, caudate, and pal-
lidum) and the cerebellum, and the visual system (middle occipital
lobe, lingual gyrus, calcarine sulcus, and fusiform gyrus). The topology
of the network is shown in Fig. 4, and slices depicting the actual shape
of the individual regions are shown in Fig. 5. Using the degree d, i.e.,
the number of connections, to quantify the centrality of individual
nodes, the right caudate (d=9), right cerebellum (d=4), right post-
central gyrus (d=4), left thalamus (d=6), and right middle temporal
gyrus (d=5) stood out. All other nodes had a degree of 3 or less, as
shown in Fig. 4. Cluster statistics of the individual nodes are summar-
ized in Table 3.

3.4. Dynamic changes between anger to aggression phase

We did not find significant differences between female patients with
BPD and healthy women in the increase or decrease of connectivity
from the anger-induction to the aggression phase after correcting for
multiple comparisons with a combined threshold on the significance of
individual connections (p < .001) and the number of connections in
the discovered networks (k > 35).

4. Discussion

The aim of this study was to reanalyze fMRI data from a script-

Fig. 4. Topology of the network. Regions are labeled according to their predominant AAL label and are color coded by their participation in either the extended
default mode network (red), fronto-parietal cognitive control network (green), motor system (yellow), or in the visual system (blue). Numbers denote degree d. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Self-ratings.

fBPD (N=33) fHC (N=30) fBPD vs fHC

Mean Std. Mean Std. T p

Anger after Anger
Induction

3.43 0.74 3.19 1.01 1.09 0.282

Anger after Aggression 3.67 0.84 2.71 1.00 4.14 < 0.001
Derealization 2.16 1.07 1.41 0.82 3.10 0.003
Dissociation 1.91 1.03 1.27 0.62 2.95 0.004
Vividness of Imagination 3.45 1.08 2.64 1.39 2.60 0.012

Self-ratings of the emotional state on 5-point Likert scales, collected after each
complete script. fHC: female healthy controls; fBPD: female patients with BPD.
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driven imagery paradigm studying neural correlates of anger and anger-
related aggression in patients with BPD and healthy controls to further
test the hypothesis that patients with BPD require increased coupling
between prefrontal cognitive control regions and limbic regions to
control aggression in states of high emotional arousal. Appreciating the
multidimensional nature of aggression in BPD, we chose to examine
brain-wide changes in functional connectivity during anger-induction
and aggression phases compared to a neutral baseline condition, and
between anger-induction and aggression phases. To achieve this, we
combined three established data-analysis methods: First, data-driven,
spatially constrained whole-brain clustering to reduce the dimension-
ality of our data while still allowing for a localization of individual
clusters. Second, wavelet-based task-dependent functional connectivity.
Third, permutation-based correction for multiple comparisons.

We did not find significant group differences in the increase in
connectivity from the baseline to the anger phase, or in the increase or
decrease from the anger to the aggression phase. However, due to the
low frequency band considered in our wavelet-based connectivity
analyses (0.05 Hz – 0.10 Hz), we might have failed to detect fast in-
termittent connectivity changes related to amygdala activity. This is
corroborated by a previous analysis of this fMRI data and similar data
for a male sample. There, a significant difference in amygdala activa-
tion between male and female patients was found during the anger
phase, which was driven by a strong difference in the first half of the
anger phase, with no significant difference in the second half of the
anger phase (Herpertz et al., 2017). Furthermore, as our clustering
approach yielded regions with an average size of 790 voxels, the spe-
cific dynamics and therefore also connectivity pattern of small regions,
such as the amygdala, might be lost.

Interestingly, we discovered a single, large-scale network showing a
significantly stronger increase in functional connectivity from baseline
to the aggression phase in patients with BPD compared to healthy
controls. The regions of this network are associated to four well-char-
acterized networks: The extended default mode network (eDMN), the
fronto-parietal cognitive control network, the motor system including
the thalamocorticostriatal motor loop, and the visual system: First, we
found regions in the following components of the extended default
mode network: anterior and posterior cingulate, precuneus, dorsome-
dial prefrontal cortex, superior and middle temporal gyrus, hippo-
campus, and insula. The extended default mode network was dis-
covered by data-driven clustering of fMRI data of healthy subjects
viewing socio-affective stimuli and, thus, relates to social, self-refer-
ential, and affective processing (Gottlich et al., 2017). It heavily

overlaps with the extended socio-affective default mode network,
which was defined using meta-analyses over standard coactivation
studies (Amft et al., 2015), and with the salience network (Doll et al.,
2013; Seeley et al., 2007). The extended default-mode network can be
seen as an extension of the default mode network (DMN), which was
discovered and characterized in terms of stimulus-independent and self-
referential processing (Buckner et al., 2008; Raichle et al., 2001). Re-
cently, this notion became more nuanced: It was shown that regions of
the DMN, namely, in the medial prefrontal cortex, posterior cingulate
cortex, and inferior parietal lobule, are consistently activated during
tasks requiring self-referential processing while others are not (Davey
et al., 2016). Furthermore, an activation-based meta-analysis showed
that regions within the DMN are consistently activated during social
and affective processing, namely, regions in the medial parietal and
dorsomedial prefrontal cortex (Amft et al., 2015; Schilbach et al.,
2012). Thus, social cognition- and affect-related mental activities play a
central role in specific parts of the DMN. The eDMN (Gottlich et al.,
2017) expands the DMN by regions related to emotional awareness and
social processing, namely, the anterior insula, and emotion-related self-
regulatory cognition, such as the anterior cingulate cortex (Craig, 2009;
Gu et al., 2013). Therefore, the eDMN integrates regions associated to
salience, the conscious perception of emotions, social and self-refer-
ential processing, and emotion regulation. Second, we found regions in
the following components of the cognitive control network: ven-
trolateral and dorsolateral prefrontal cortex, as well as superior parietal
lobe. The fronto-parietal cognitive control network is associated with
cognitive control processes and executive functions (Dosenbach et al.,
2007). Third, we found regions in the following components of the
motor system: thalamus, precentral and postcentral gyrus, caudate, and
pallidum, which are core components of the thalamocorticostriatal
motor loop, and cerebellum. This is especially interesting since the
thalamocorticostriatal motor loop is essential for action selection and
initiation (Albin et al., 1989). Finally, we found regions in the middle
occipital lobe, lingual gyrus, calcarine sulcus, and fusiform gyrus, and
thus regions belonging to the visual system.

Increased connectivity within regions of the salience network and
within the cognitive control network in patients with BPD compared to
healthy controls was previously found in a resting state study (Doll
et al., 2013). In contrast to our findings, this study reported decreased
connectivity between these networks in patients with BPD. However,
the increase in connectivity between the eDMN and the frontoparietal
cognitive control network in our study is mainly mediated by high
degree hubs in the right caudate, right postcentral gyrus, and the

Fig. 5. Slice view showing the actual position and shape of the network regions. Regions are color coded by their participation in either the extended default mode
network (red), fronto-parietal cognitive control network (green), motor system (yellow), or in the visual system (blue). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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thalamus, which are part of the thalamocorticostriatal motor loop. This
is consistent with the idea that the thalamocorticostriatal motor loop
connects the eDMN to the cognitive control network. Here the thala-
mocorticostriatal motor loop might implement processes of imagined
movement and action selection. The eDMN in turn might trigger ag-
gressive action impulses due to a state of high emotional salience, as-
sociated self-referential and social processing, and ineffective emotion-
regulation. Finally, the cognitive control network might try to control
these impulses, during the imagination of aggressive acts under emo-
tional arousal. Therefore, the discrepancy between the results of (Doll
et al., 2013) and our work appear reasonable since we compared the
increase of connectivity from baseline to the imagination of an ag-
gressive action in contrast to the resting-state analysis of (Doll et al.,
2013) where subjects were instructed to keep their eyes closed and not
to fall asleep. Our results are also in line with increased connectivity
between prefrontal and limbic regions in female patients with BPD

during the imagination of aggressive acts in states of emotional arousal,
which we found by correlating seed-based connectivity measures ori-
ginating from the left amygdala with trait anger in a previous analysis
of this dataset (Herpertz et al., 2017).

Although the current whole-brain connectivity analysis provides
new and important information on brain functioning during anger and
aggression processing in BPD, some limitations need to be considered:
First, as there was no clinical control group, disorder-specific conclu-
sions are hard to draw, even more so as our sample was typical for BPD
in terms of high comorbidities. Second, our imaging data is based on the
imagination of aggressive behavior towards others which cannot be
equated to aggressive behavior itself. This said, there is mounting evi-
dence for the involvement of similar neural systems in imagined and
actual movements (Case et al., 2015; Oullier et al., 2005), inhibitory
acts (Galdo-Alvarez et al., 2016), and threatening scenarios (Shuhama
et al., 2016). Third, as the data-driven clustering approach led to si-
milarly sized clusters consisting of 790 voxels in average, the specific
dynamics of small regions, such as the amygdala, might be lost due to
averaging. Therefore, we cannot exclude the possibility of differential
connectivity changes to the amygdala using this clustering size. Fourth,
as we considered only a female sample, we cannot draw conclusions on
sex-specific differences in whole-brain connectivity changes. Fifth, as
we aimed to examine changes in large-scale brain networks, our sta-
tistical correction procedure of combining a single-connection with a
component-size threshold is biased towards consistent changes in large
networks. Thus, we might have missed strong, localized connectivity
changes in small networks. Sixth, since the script-phase-dependent
connectivity matrices were calculated using wavelet-coefficients in the
0.05–0.1 Hz range, we might have lost connectivity based on fast de-
caying neural responses due to the temporal averaging that might have
occurred for amygdala activity during the anger condition. In sum,
using a whole-brain approach, we could show that the eDMN, encom-
passing regions associated to salience, social cognition, emotional
awareness, emotion regulation, and self-referential processing showed a
stronger increase in connectivity within its own nodes and to the fronto-
parietal cognitive control network from a neutral baseline situation to
imagined aggression towards others in patients with BPD compared to
healthy controls. Moreover, this increase in connectivity is mediated via
several high-degree hubs in the motor system, including core compo-
nents of the thalamocorticostriatal loop associated with action selection
and initiation. These results support a view in which female patients
with BPD show stronger coupling between prefrontal cognitive control
processes and thalamocorticostriatal action-selection processes during
the imagination of aggressive acts in states of high emotional salience,
associated self-referential and social processing, and ineffective emo-
tion-regulation.
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Table 3
Cluster statistics of network nodes. eDMN: extended default mode network, FP:
fronto-parietal cognitive control network, Motor: motor system, Visual: visual
system.

Most common
AAL Label

Functional
Network

MNI coordinates
(center of mass)

Number
of Voxels

Degree d

x y z

Temporal Mid R eDMN 59 −34 −6 595 5
Cingulate Mid R eDMN 11 −38 29 891 2
Frontal Sup

Medial R
eDMN 8 57 17 513 2

Insula L eDMN −36 −5 −1 1146 1
Precuneus L eDMN −6 −52 15 879 1
Anterior

Cingulate R
eDMN 19 37 −6 772 1

Frontal Sup 2 R eDMN 17 57 4 625 1
Precuneus R eDMN 15 −51 13 872 1
Frontal Sup

Medial L
eDMN −6 59 12 542 1

Frontal Sup
Medial R #2

eDMN 12 48 31 661 1

Rolandic Oper L eDMN −39 −11 21 1086 1
Frontal Sup

Medial L #2
eDMN −7 51 28 697 1

Hippocampus R eDMN 22 −34 −3 1056 1
Temporal Sup R eDMN 57 −4 −1 641 1
Frontal Sup 2 L FP −21 37 39 803 3
Frontal Inf Orb 2

R
FP 44 32 −6 641 2

SupraMarginal R FP 47 −35 45 700 2
Postcentral R FP 31 −43 35 1037 2
Frontal Inf Oper

R
FP 33 11 25 996 1

Frontal Sup 2 L
#2

FP −21 58 6 530 1

Frontal Mid 2 R FP 33 46 0 677 1
Caudate R Motor 6 18 −6 851 9
Thalamus L Motor −8 −21 −1 832 6
Cerebellum 6 R Motor 4 −63 −18 659 5
Postcentral R Motor 58 −8 22 728 4
Caudate L Motor −19 4 15 1039 3
Cerebellum 6 L Motor −18 −58 −19 762 3
Thalamus L #2 Motor 1 −30 14 977 3
Precentral R Motor 40 −12 52 677 3
Vermis 3 Motor 2 −40 −4 908 2
Thalamus R Motor 9 −20 0 814 1
Postcentral L Motor −54 −21 35 742 1
Pallidum R Motor 5 −3 −4 910 1
Thalamus R #2 Motor 20 −28 19 890 1
Calcarine L Visual 2 −70 18 1026 2
Lingual R Visual 7 −60 −2 964 2
Calcarine R Visual 34 −54 0 985 2
Lingual L Visual −12 −54 −3 918 2
Occipital Mid L Visual −28 −85 6 651 1
Fusiform L Visual −30 −40 −19 818 1
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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