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Abstract
Several studies using electroencephalography (EEG) demonstrate that the processing of feedback in patients suffering from 
borderline personality disorder (BPD) is altered in comparison to healthy controls. Differences occur in the theta (ca. 5 Hz) 
and high-beta frequency-ranges (ca. 20 Hz) of oscillations in response to negative and positive feedback, respectively. How-
ever, alpha (ca. 10 Hz) and low-beta (ca. 15 Hz) oscillations have also been shown to be involved in feedback processing. 
We hypothesized that additional alterations might occur in these frequency ranges in BPD. Eighteen patients with BPD and 
twenty-two healthy controls performed a gambling task while 64-channel-EEG was recorded. Induced oscillatory responses 
to positive (i.e. gain) and negative (i.e. loss) feedback in the alpha and low-beta frequency range were investigated. No sig-
nificant differences were found in the alpha frequency range. Regarding the low-beta frequency range a significant Group 
(i.e. BPD vs. healthy controls) × Valence (i.e. gain vs. loss) interaction in the time frame between 600 and 700 milliseconds 
after feedback was found. This effect showed a significant correlation with symptom severity (assessed with the BSL-23). 
The results indicate that feedback processing in BPD could be more heavily altered than previously expected, with more 
severe symptomatology being linked to stronger alterations in oscillatory responses to feedback in the low-beta range.
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Introduction

The ability to recognize contingencies and to adapt behav-
iour accordingly is a key function in our everyday life. In 
this context, reward and loss are two of the most important 
indicators in guiding human behaviour and learning mech-
anisms (Marin 1991; Schultz 2006). The reward network 
consists of several core brain areas. Among these are the 
ventral striatum, the orbitofrontal and prefrontal cortex as 
well as the anterior cingulate cortex (Delgado et al. 2000; 
Knutson et al. 2001; Nieuwenhuis et al. 2005). Deficiencies 
of the reward network have been attributed a leading role in 
psychiatric disorders, especially in substance use disorders 
(Taber et al. 2012) and certain personality disorders such as 
borderline personality disorder (Bandelow et al. 2010), the 
main object of this paper.

Borderline personality disorder (BPD) affects large 
sections of the population with a 12-month prevalence of 
1.4% (Lenzenweger et al. 2007) and life-time prevalence 
correspondingly higher with 5.9% (Grant et al. 2008). 
Patients affected by BPD suffer from instability in affect-
regulation, interpersonal relationships, self-perception and 
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impulse control (Bohus et al. 2007). This instability leads 
to severe impairments in everyday life and mortality rates 
four times higher than in the general population (Kjaer 
et al. 2015). The societal costs for patients suffering from 
BPD are considered to be substantial (van Asselt et al. 
2007). Despite several efforts to determine the neurobio-
logical origins of the severely dysfunctional behaviour in 
BPD no clear consensus could yet be reached.

Studies using electroencephalography (EEG) have 
identified certain electrophysiological response markers 
for the processing of feedback information which seem 
to be altered in BPD. One such marker is an event-related 
potential (ERP) called feedback error-related negativity 
(fERN; Holroyd and Coles 2002). The fERN is marked by 
a negative deflection around 250–300 ms following loss 
feedback (Hajihosseini and Holroyd 2013) and has been 
shown to be reduced in BPD patients (Schuermann et al. 
2011). Apart from differences in ERPs, additional changes 
were observed in event-related oscillations (EROs; e.g. 
Vega et al. 2013): In healthy populations negative feed-
back in gambling tasks has been associated with a fron-
tally distributed increase in theta-band power (Leicht et al. 
2013; Marco-Pallares et al. 2008). In contrast, positive 
feedback in such tasks is associated with an increase of 
high-beta and low-gamma oscillatory activity (Andreou 
et al. 2017; HajiHosseini et al. 2012; Leicht et al. 2013; 
Marco-Pallares et al. 2008). Significant reduction in theta 
oscillatory power after negative feedback has been shown 
in patients with BPD (Vega et al. 2013), while processing 
of positive feedback has generally been found to be unim-
paired. This seems to support the notion of two distinct 
pathways for the processing of positive and negative feed-
back (cf. Andreou et al. 2017), with only the latter being 
affected in patients with BPD.

In contrast to theta and high-beta oscillations, the role 
of alpha and low-beta frequency bands has generally been 
neglected in the past. In recent years, several studies have 
started to focus on these lower frequency bands (e.g. 
Hauser et al. 2015; Leicht et al. 2013; Pornpattananang-
kul and Nusslock 2016; Yaple et al. 2018). These stud-
ies sparked a new interest in these frequencies in relation 
to feedback processing, especially low-beta oscillatory 
responses to feedback in healthy controls (Yaple et al. 
2018). Moreover, in a study by Leicht et al. (2013), low-
beta frequency oscillations were linked to sensation seek-
ing, a trait which is closely linked to BPD (Peters et al. 
2013). Based on the above, two questions have arisen for 
us: First, whether the processing of positive feedback is 
really unaffected in BPD especially considering that the 
alpha and low-beta frequency ranges (in particular low-
beta oscillations in response to positive feedback) have not 
yet been investigated in previous studies. Second, whether 

alterations in these frequency ranges might be linked to 
BPD-specific symptoms.

The present study aimed to investigate alpha and low-beta 
oscillations in response to feedback in BPD and their cor-
relations with symptom severity in patients. To this end, we 
re-analysed data from a previous EEG-study in BPD patients 
(Andreou et al. 2015).

Materials and Methods

Participants

The total sample for the present study consisted of 21 
patients with BPD and 23 healthy controls. For reasons 
explained below 3 patients and 1 healthy control had to be 
excluded. Included in the final sample used in all analyses 
were 18 patients and 22 healthy controls (see Table 1). 
Patients were recruited from the in- and outpatient clin-
ics of the Department for Psychiatry and Psychotherapy, 
University Hospital Hamburg-Eppendorf, whereas healthy 
controls were recruited through advertisements and word-
of-mouth. The study was conducted in accordance with 
the Declaration of Helsinki and was approved by the local 
ethics committee of the Medical Council of Hamburg. All 
participants provided written informed consent prior to 
inclusion in the study.

Patients were required to fulfill criteria of BPD accord-
ing to DSM-IV. The Mini International Neuropsychiatric 
Interview (Sheehan et al. 1998) and the Structured Clinical 
Interview for DSM-IV Axis II (Wittchen et al. 1997) were 
used to establish the diagnosis of BPD and assess Axis I 
comorbidities in patients. In order to minimize the effects 
of comorbid disorders associated with reward system dys-
function, patients were excluded from the study if they 
presented a current depressive episode or a score of 20 
or higher on the Montgomery–Asberg Depression Rating 
Scale (MADRS; Montgomery and Åsberg 1979), alcohol 
or drug dependence, or alcohol or drug abuse, in the past 
year, or a lifetime diagnosis of psychotic or bipolar disor-
der. One female patient had to be excluded because of a 
MADRS score of 20 or higher. Further exclusion criteria 
for all subjects were neurological and developmental dis-
orders, and the presence of uncorrected visual problems 
or hearing loss. In healthy controls, additional exclusion 
criteria were a family history of psychotic disorders or a 
personal history of any psychiatric disorder or treatment.

Symptom severity in patients was assessed with the 
Borderline Symptom List—Short Form (BSL-23; Bohus 
et al. 2009). The BSL-23 consists of 23 items answered on 
a fivepoint Likert scale and has been shown to have good 
internal consistency and validity.



484	 Brain Topography (2019) 32:482–491

1 3

Paradigm

Participants performed a computerized two-choice gam-
bling task adapted from Gehring and Willoughby (2002) 
and used in previous studies by our group and others 
(Marco-Pallares et al. 2008; Leicht et al. 2013; Vega et al. 
2013). Each trial began with the presentation of a fixa-
tion square for 3 s, followed by two numbers (5 and 25) 
on a computer screen (randomized left–right order) for 
1 s. Within this time, participants were required to select 
one of the two numbers per mouse-click. After a delay of 
700 ms, one of the two numbers randomly turned green 
and the other red (feedback stimulus). If the selected num-
ber turned green, the participant gained the correspond-
ing amount of points. A color change to red indicated a 
respective loss of points. Thus, the feedback stimulus var-
ied along two dimensions, valence (positive vs. negative 
feedback) and magnitude (5 vs. 25 points). The feedback 
stimulus was displayed on the screen for 700 ms followed 
by a display of the current account status for 2000 ms (see 
Fig. 1 for a graphic depiction of the procedure).

The Presentation software (Version 14) was used for 
stimulus presentation. Participants were instructed in a 
standardized way to choose freely between the two presented 
numbers (5 or 25) in every trial and to gain as many points 
as possible during each block. Thus, participants were not 
required to choose 5 and 25 in an equal ratio (relevant for 
statistical analyses, see below). The instruction stated that 
participants would receive €10 for study participation, plus 
an additional amount of money depending on the total points 
won. The paradigm comprised a short practice block and 
four experimental blocks of 108 trials each. Participants 
started each block with 1000 points on their account. The 
occurrence of loss and gain events was maintained at equal 
probability (50% each).

EEG Recording and Pre‑processing

Recordings took place in a sound-attenuated and electri-
cally shielded room. Participants were seated in a slightly 
reclined chair with a head rest, at a distance of 1 m from a 
19″ computer screen. Electro-encephalographic activity was 
recorded at a sampling rate of 1000 Hz with 64 Ag/AgCl 

electrodes mounted on an elastic cap (ActiCaps, Brain Prod-
ucts, Munich, Germany), using the Brain Vision Recorder 
software version 1 (Brain Products, Munich, Germany). 
Electrodes were arranged according to a modified 10/10 
system without electrodes at positions FPz, F9, F10, T9, 
T10, CP3, CP4, P9, P10, PO7, PO8, and with two additional 
electrodes at positions PO9 and PO10. Eye movements were 
recorded with four EOG channels (positioned at the outer 
canthi bilaterally and infra- and supraorbitally on the right). 
An electrode at the FCz position was used as the reference, 
while the electrode at position AFz served as ground.

Offline preprocessing was performed with Analyzer 
2 (Brain Products GmbH). After band-pass filtering 
(0.1–100 Hz, Butterworth zero-phase filter 24 dB/octave), 
prominent non-stereotyped artefacts such as movement 
artefacts and channel drifts were removed by visual inspec-
tion. Independent component analysis (ICA) was applied to 
remove blink and eye movement artefacts. A restricted Info-
max algorithm was used for ICA; components representing 
ocular artefacts were identified and removed based on their 
topography, power spectrum and time course. Subsequently, 
the continuous EEG was segmented into 3-s epochs starting 
1800 ms prior to the feedback stimulus. Segments includ-
ing amplitudes exceeding ± 95 µV, voltage steps higher than 
50 µV between sampling points, a difference higher than 
200 µV between the highest and lowest value within a seg-
ment or activity below 0.5 µV were automatically rejected. 
After re-referencing to the common average reference, 
baseline correction (using the 200 ms pre-stimulus interval) 
was applied. Only subjects with a minimum number of 20 
artefact-free trials per condition were considered in further 
analyses; one female patient had to be excluded based on 
this criterion. Two further subjects (one female patient and 
one male control subject) did not complete all blocks of the 
paradigm. Thus, the final sample consisted of 18 patients 
and 22 healthy controls.

Time–Frequency Analysis

Time–frequency information was extracted for EEG activity 
at electrode Fz using complex Morlet wavelet convolution 
for the frequencies from 10 to 30  Hz (formula: 

Table 1   Sociodemographic characteristics of the two participant groups

Healthy controls (N = 22) BPD (N = 18) χ²/t p

Gender (m/f) 4/18 1/17 1.44 0.35

Mean SD Mean SD

Age 26.27 4.9 28.28 5.8 1.18 0.25
Education (years) 12.18 1.4 11.4 1.6 1.56 0.13



485Brain Topography (2019) 32:482–491	

1 3

Fig. 1   Procedure of the two-choice gambling task adapted by us from Gehring and Willoughby (2002)

Fig. 2   Difference between gain and loss conditions in BPD patients 
(a) and healthy controls (b) in induced oscillatory responses. c 
depicts the difference between the two groups. To obtain time–fre-
quency plots a complex Morlet wavelet convolution for the frequen-

cies from 2 to 50 Hz (15 frequency steps distributed on a logarithmic 
scale, Morlet parameter c = 5, Gabor Normalization) was applied. d 
Scalp distribution map of the difference between the two groups of 
low-beta power (15 Hz) in the timeframe of 600 and 700 ms
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−
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2�t ei2�ft , 5 frequency steps distributed on a lin-
ear scale, Gabor Normalization, see Fig. 2). The Morlet 
parameter that describes the ratio of the standard deviation 
of frequency and the time relative to the frequency expressed 
by the formulas c = f

�f

 and c = 2��tf  was set to c = 5. Fol-

lowing Andreou et al. (2015) the calculation of induced 
power the ERP was subtracted from the single-trial series 
and wavelet transformation was applied at the single-trial 
level prior to averaging. In order to assess alpha and low-
beta activity across conditions, we extracted wavelet layers 
with central frequencies of 10 Hz (alpha) and 15 Hz (low-
beta), similar to a previous study by our group (Leicht et al. 
2013). Based on the methods used in Leicht et al. (2013) and 
Andreou et al. (2015) the peak amplitude of activity for low-
beta defined as the highest value was readout within the 
timeframe 600–700 ms post-stimulus. For alpha-activity we 
extracted the mean amplitude in the timeframe between 500 
and 600 ms post-stimulus according to Leicht et al. (2013).

sLORETA Analysis

Intracortical sources of brain electrical activity were local-
ized using standardized low-resolution electro-magnetic 
tomography (sLORETA; Pascual-Marqui 2002). sLORETA 
belongs to a group of three-dimensional, distributed, linear 
minimum-norm inverse solutions that have been extensively 
used and cross-validated (Mobascher et al. 2009; Mulert 
et al. 2004; Olbrich et al. 2009). The sLORETA software 
(http://www.uzh.ch/keyin​st/slore​ta.htm) was used to calcu-
late time-varying cross-spectra from single trials after sub-
tracting the average ERP to calculate induced activity. This 
transformation applied a sliding Gaussian Window function 
with a centre frequency of 15 Hz (window length 0.5 s) for 
the low-beta frequency range. sLORETA computations were 
made in a real-istic head model (Fuchs et al. 2002), using the 
MNI152 template (Mazziotta et al. 2001). The source space 
(6239 voxels at a spatial resolution of 5 mm) was restricted 
to cortical gray matter and hippocampi, as determined by the 
probabilistic Talairach atlas (Lancaster et al. 2000).

The time frame for current source density computations 
was defined at 600–700 ms following the feedback stimu-
lus, based on the grand average of the time–frequency plots 
at electrode Fz in patients and controls. Using the in-built 
statistics function of sLORETA we calculated voxel-wise 
whole brain-analysis with between subjects factor group (i.e. 
BPD vs. healthy controls) and within subject factor valence 
(i.e. gain vs. loss) resulting in a 2 × 2 mixed design.

Statistical Analyses

Statistical analyses were performed using SPSS 24. The pat-
tern of “high-gain, high-risk” behaviour during the gambling 

task, i.e., the percentage of trials, in which participants 
selected the higher number, was contrasted between groups 
with an independent t-test. Differences between groups in 
the number of artefact-free trials were assessed with a 2 
(magnitude) × 2 (valence) × 2 (group) repeated-measures 
ANOVA.

The above analyses revealed significant differences 
between groups regarding the mean number of trials 
included in the averages for each condition, due to the fact 
that patients with BPD chose the higher number (25) much 
more often than healthy controls (see below). Therefore all 
further analyses were conducted with linear mixed models, 
including the number of valid trials in each condition as a 
covariate. For the analysis of the event-related oscillations 
in the alpha- and low-beta-frequency-ranges the induced 
power within the predetermined time windows was used 
as dependent variable. Group was defined as a between-
subjects fixed-effect factor; valence and magnitude were 
used as repeated-measures fixed-effect factors. In all cases, 
participant ID was included as a random-effects factor, and 
the full factorial model was assessed. A diagonal covariance 
structure assuming heterogeneous variances and zero cor-
relations between elements was used. Only main effects and 
interactions involving the factor group are presented below.

Difference scores between gain and loss conditions (aver-
aged over both magnitudes) were constructed for effects that 
emerged as significant from the above analysis and their cor-
relation to the symptom severity as assessed by the BSL-23 
(Bohus et al. 2009) was explored with Spearman’s rho. Two 
participants (both female) with extreme outlier difference 
scores (> 3 standard deviations from the group mean) were 
excluded from these analyses.

Results

As previously reported elsewhere (Andreou et al. 2015), 
patients with BPD placed significantly more often a “higher 
bet”, i.e., selected significantly more often 25 compared to 
healthy controls [55.2% vs. 45.9%, t(38) = 2.220, p = 0.03]. 
Regarding the number of artefact-free trials, the main effect 
of group was not significant [F(1,39) = 0.961, p = 0.33]. 
However, there was a significant group × magnitude inter-
action [F(1,39) = 10.423, p = 0.003]; there were significantly 
more trials in the high-stake than in the low-stake condi-
tion in patients [F(1,18) = 22.995, p = 0.001], whereas con-
trols had an equal number of trials in the two conditions 
[F(1,21) = 0.488, p = 0.49].

http://www.uzh.ch/keyinst/sloreta.htm
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Induced Event‑Related Responses

For low-beta induced power at electrode Fz, a significant 
group × valence interaction was found [F(1,83.45) = 6.820, 
p = 0.011], which increased more in patients than in controls 
following gain in comparison to loss feedback (see Fig. 3). 
No significant effects involving the factor group were found 
for induced alpha power at electrode Fz.

In sLORETA whole-brain analyses using cluster-cor-
rected non-parametric permutation tests, the group x valence 
interaction for low-beta reached marginal significance in a 
cluster situated in the medial frontal cortex (see Fig. 4) and 
consisting mainly of Brodmann area 6 and parts of Brod-
mann areas 24 and 31 [t = 3.036, p = 0.052].The same pat-
tern of a stronger activation following gain in comparison 
to loss feedback in patients emerged with no such effect for 
controls (see Fig. 5).

Correlations with Symptom Severity

In the patient group we found a significant positive correla-
tion between the valence difference score (i.e. gain minus 
loss) for induced low-beta and the BSL-23 score (Spear-
man’s rho = 0.522, P = 0.038). Indicating higher induced 
low-beta responses to gain compared to loss feedback in 
patients with higher BSL-23 scores. Further exploratory 
analyses using the individual item scores in place of the 
total BSL-23 score were conducted to further investigate this 
significant correlation. Both item 2 and item 3 of the BSL-
23 showed significant correlations with the difference score 

(rho = 0.637, P = 0.008 and rho = 0.597, P = 0.015 for items 
2 and 3 respectively). Item 2 codes helplessness (“During 
the last week I experienced myself as being helpless”) whilst 
item 3 codes dissociative experiences (“During the last 
week I was mentally absent and I do not remember exactly 
what I was doing”). Since no BSL-23 data were available 
for healthy controls there was no possibility of calculating 
similar correlations for this group.

Discussion

The aim of the present study was to investigate alpha and 
low-beta frequency band oscillatory responses associated 
with reward feedback in patients with borderline personal-
ity disorder (BPD) compared to healthy controls. Although 
we found no significant alterations in the alpha frequency 
range, we found significant impairments in the low-beta 
range. BPD patients showed a pattern of increased low-
beta power following gain trials in comparison to loss 
trials with no comparable effect in the control group. 
Furthermore, we found a significant correlation between 
the low-beta valence difference score and BPD symptom 
severity assessed by the BSL-23. The observed increase 
in frontal low-beta power following positive feedback in 
patients with BPD attests, to the best of our knowledge for 
the first time, to a deficit not just in negative, but also in 
positive feedback processing in patients.

Adding to previous reports on altered responses to feed-
back in the theta range (Andreou et al. 2015; Vega et al. 

Fig. 3   Low-Beta (15 Hz) power 
at electrode Fz. Errorbars rep-
resent the standard error of the 
mean for within-subject factors, 
which were calculated by the 
method of Morey (2008)
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2013) we were able to show additional altered responses in 
the low-beta range. Midbrain dopaminergic signaling also 
includes lower-frequency and higher-frequency modes, 
which have been assumed to reflect tonic and phasic dopa-
mine responses, respectively (Volkow et al. 2011). Thus, 
our findings might be related to complex dopaminergic 
abnormalities. Therefore, our results are in line with theo-
ries emphasizing the role of the reward system in explaining 
the symptoms of patients suffering from BPD (e.g. Ban-
delow et al. 2010). Regarding the specific role of low-beta 
oscillations in reward processing a recent study by Yaple 
et al. (2018) in healthy participants showed an increase in 
low-beta power during omission of rewards. The authors 
speculate that the low-beta response might reflect a learning 

mechanism using the feedback information. Interestingly, a 
study by Paret et al. (2016) was able to show that individual 
symptoms observed in patients with BPD, namely emotional 
arousal, dissociation and aversive tension, were associated 
with impaired reward learning in patients suffering from 
BPD. They also reported an influence of symptom severity 
(assessed via the BSL-23) on reward learning in their study.

Another psychiatric disorder known for displaying a dis-
turbed theta/beta ratio is the attention deficit hyperactivity 
disorder (ADHD; e.g. Heinrich et al. 2014). In ADHD the 
information on this specific deficit is even used to administer 
neurofeedback training (Bluschke et al. 2016). A uniting fac-
tor between BPD and ADHD could lie in attention deficits 
and associated mechanisms. But whilst ADHD is associated 

Fig. 4   Graphic depiction of cluster activation in medial frontal cortex as identified by sLORETA analysis

Fig. 5   Low-Beta (15 Hz) activa-
tion in a cluster consisting of 
parts of Brodmann areas 6, 24 
and 31. Errorbars represent the 
standard error of the mean for 
within-subject factors, which 
were calculated by the method 
of Morey (2008)
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with reduced low-beta responses, the opposite seems to be 
true for patients suffering from BPD. This is quite surprising 
considering the similarity of some of the symptoms of these 
two disorders (Philipsen et al. 2009). A possible explana-
tion might be that in ADHD reduced attention could lead 
to reduced processing of reward and other stimuli, which 
might in turn result in a reduced low-beta response. In BPD 
the opposite might be true, with patients showing a stronger 
response to reward due to a higher tension and higher emo-
tional arousal leading to attention deficits.

In the light of the findings of Paret et al. (2016) we con-
ducted an exploratory analysis on the individual items of 
the BSL-23 (Bohus et al. 2009). In our exploratory analysis 
two items representing learned helplessness (item 2) and 
dissociative symptoms (item 3) showed moderate to strong 
correlations with the low-beta valence difference score. 
Even though these results are exploratory, this might be 
an indication that dissociative symptoms, which have also 
been shown to be correlated to aversive tension by Paret 
et al. (2016), might indeed be linked to reward processing in 
patients with BPD and more specifically the altered low-beta 
response we observed. Further support for the association 
of low-beta oscillations and attention symptoms might come 
from a study by Lee et al. (2017), who were able to show 
that resting state low-beta power was associated with inat-
tention symptoms after childhood-trauma. This is particu-
larly interesting, considering that BPD patients are known 
to suffer from high trauma exposure during childhood (e.g. 
Ball and Links 2009; Herman et al. 1989) and associated 
dissociative symptoms (e.g. Herman et al. 1989; Stiglmayr 
et al. 2001) resulting in inattention. A cue as to the associa-
tion with helplessness might be provided by studies showing 
that lower levels of resting state beta activity are associated 
with greater motor-action preparation and approach tenden-
cies (e.g. Threadgill and Gable 2018). This could be a pos-
sible explanation why BPD patients, who showed increased 
low-beta responses to feedback in our study, might suffer 
from increased feelings of helplessness. However, our inter-
pretations are still speculative; future studies are needed to 
replicate our finding of increased low-beta power following 
gain trials in comparison to loss trials in BPD patients and 
its associations with specific symptoms.

An interesting discrepancy to the previous study by Leicht 
et al. (2013), which used a similar paradigm as the present 
study, is the lack of a significant increase in alpha and low-
beta power following loss feedback in healthy participants. 
A possible explanation for this might lie in sample differ-
ences between the two studies. One important factor is the 
ratio between female and male participants, with Leicht et al. 
(2013) having a higher percentage of male participants. This 
is particularly important considering the known differences 

between men and women in sensation seeking (e.g. Cross 
et al. 2013), a trait which in turn has been associated with 
both the alpha and low-beta power in feedback processing 
by Leicht et al. (2013).

It should be stressed that inherent in the use of EEG is 
a trade-off between a good temporal resolution on the one 
hand and limitations in its spatial resolution especially con-
cerning deeper brain regions such as the ventral striatum or 
the midbrain. Both of these structures are often reported as 
core areas of the reward network. A goal for future research 
could thus be to use fMRI or even a combination of EEG 
and fMRI to be able to localise the differences between BPD 
patients and controls with more precision.

In conclusion, our findings suggest that patients with 
BPD may exhibit more extensive impairments in the pro-
cessing of feedback than previously expected, especially in 
regard to the processing of positive feedback. In addition, 
these impairments seem to be linked to symptom severity 
in patients with BPD.

Acknowledgements  Parts of this work were prepared in the context 
of P Schauers doctoral dissertation at the Faculty of Medicine, Uni-
versity of Hamburg, Germany. Special thanks to Julia Kleinert for her 
preparatory work.

References

Andreou C, Kleinert J, Steinmann S, Fuger U, Leicht G, Mulert C 
(2015) Oscillatory responses to reward processing in borderline 
personality disorder. World J Biol Psychiatry 16:575–586. https​
://doi.org/10.3109/15622​975.2015.10548​80

Andreou C et al (2017) Theta and high-beta networks for feedback 
processing: a simultaneous EEG-fMRI study in healthy male 
subjects. Transl Psychiatry 7:e1016. https​://doi.org/10.1038/
tp.2016.287

Ball JS, Links PS (2009) Borderline personality disorder and child-
hood trauma: evidence for a causal relationship. Curr Psychiatry 
Rep 11:63–68

Bandelow B, Schmahl C, Falkai P, Wedekind D (2010) Borderline per-
sonality disorder: a dysregulation of the endogenous opioid sys-
tem? Psychol Rev 117:623–636. https​://doi.org/10.1037/a0018​095

Bluschke A, Roessner V, Beste C (2016) Editorial perspective: how to 
optimise frequency band neurofeedback for ADHD. J Child Psy-
chol Psychiatry 57:457–461. https​://doi.org/10.1111/jcpp.12521​

Bohus M, Limberger MF, Frank U, Chapman AL, Kuhler T, Stieg-
litz RD (2007) Psychometric properties of the borderline 
symptom list (BSL). Psychopathology 40:126–132. https​://doi.
org/10.1159/00009​8493

Bohus M et al (2009) The short version of the borderline symptom list 
(BSL-23): development and initial data on psychometric proper-
ties. Psychopathology 42:32–39

Cross CP, Cyrenne DL, Brown GR (2013) Sex differences in sensation-
seeking: a meta-analysis. Sci Rep 3:2486. https​://doi.org/10.1038/
srep0​2486

Delgado MR, Nystrom LE, Fissell C, Noll DC, Fiez JA (2000) Track-
ing the hemodynamic responses to reward and punishment in the 

https://doi.org/10.3109/15622975.2015.1054880
https://doi.org/10.3109/15622975.2015.1054880
https://doi.org/10.1038/tp.2016.287
https://doi.org/10.1038/tp.2016.287
https://doi.org/10.1037/a0018095
https://doi.org/10.1111/jcpp.12521
https://doi.org/10.1159/000098493
https://doi.org/10.1159/000098493
https://doi.org/10.1038/srep02486
https://doi.org/10.1038/srep02486


490	 Brain Topography (2019) 32:482–491

1 3

striatum. J Neurophysiol 84:3072–3077. https​://doi.org/10.1152/
jn.2000.84.6.3072

Fuchs M, Kastner J, Wagner M, Hawes S, Ebersole JS (2002) A stand-
ardized boundary element method volume conductor model. Clin 
Neurophysiol 113:702–712

Gehring WJ, Willoughby AR (2002) The medial frontal cortex and the 
rapid processing of monetary gains and losses. Science 295:2279–
2282. https​://doi.org/10.1126/scien​ce.10668​93

Grant BF et al (2008) Prevalence, correlates, disability, and comorbid-
ity of DSM-IV borderline personality disorder: results from the 
wave 2 National Epidemiologic Survey on alcohol and related 
conditions. J Clin Psychiatry 69:533–545

Hajihosseini A, Holroyd CB (2013) Frontal midline theta and N200 
amplitude reflect complementary information about expectancy 
and outcome evaluation. Psychophysiology 50:550–562. https​://
doi.org/10.1111/psyp.12040​

HajiHosseini A, Rodriguez-Fornells A, Marco-Pallares J (2012) The 
role of beta-gamma oscillations in unexpected rewards process-
ing. Neuroimage 60:1678–1685. https​://doi.org/10.1016/j.neuro​
image​.2012.01.125

Hauser TU, Hunt LT, Iannaccone R, Walitza S, Brandeis D, Brem 
S, Dolan RJ (2015) Temporally dissociable contributions of 
human medial prefrontal subregions to reward-guided. Learn 
J Neurosci 35:11209–11220. https​://doi.org/10.1523/JNEUR​
OSCI.0560-15.2015

Heinrich H, Busch K, Studer P, Erbe K, Moll GH, Kratz O (2014) 
EEG spectral analysis of attention in ADHD: implications for 
neurofeedback training? Front Hum Neurosci 8:611. https​://doi.
org/10.3389/fnhum​.2014.00611​

Herman JL, Perry C, Van der Kolk BA (1989) Childhood trauma in 
borderline personality disorder. Am J Psychiatry 146:490

Holroyd CB, Coles MGH (2002) The neural basis of human error 
processing: reinforcement learning, dopamine, and the error-
related negativity. Psychol Rev 109:679–709. https​://doi.
org/10.1037/0033-295X.109.4.679

Kjaer J, Biskin R, Vestergaard C, Munk-Jørgensen P (2015) A nation-
wide study of mortality in patients with borderline personality 
disorder. Eur Psychiatry 30:202

Knutson B, Adams CM, Fong GW, Hommer D (2001) Anticipation of 
increasing monetary reward selectively recruits nucleus accum-
bens. J Neurosci 21:RC159

Lancaster JL et al (2000) Automated Talairach atlas labels for func-
tional brain mapping. Hum Brain Mapp 10:120–131

Lee SH, Park Y, Jin MJ, Lee YJ, Hahn SW (2017) Childhood trauma 
associated with enhanced high frequency band powers and 
induced subjective inattention of adults. Front Behav Neurosci 
11:148. https​://doi.org/10.3389/fnbeh​.2017.00148​

Leicht G, Troschutz S, Andreou C, Karamatskos E, Ertl M, Naber 
D, Mulert C (2013) Relationship between oscillatory neuronal 
activity during reward processing and trait impulsivity and sen-
sation seeking. PLoS ONE 8:e83414. https​://doi.org/10.1371/
journ​al.pone.00834​14

Lenzenweger MF, Lane MC, Loranger AW, Kessler RC (2007) 
DSM-IV personality disorders in the National Comorbidity 
Survey. Replication Biol Psychiatry 62:553–564. https​://doi.
org/10.1016/j.biops​ych.2006.09.019

Marco-Pallares J, Cucurell D, Cunillera T, Garcia R, Andres-Pueyo 
A, Munte TF, Rodriguez-Fornells A (2008) Human oscillatory 
activity associated to reward processing in a gambling task. 
Neuropsychologia 46:241–248. https​://doi.org/10.1016/j.neuro​
psych​ologi​a.2007.07.016

Marin RS (1991) Apathy: a neuropsychiatric syndrome. J Neu-
ropsychiatry Clin Neurosci 3:243–254. https​://doi.org/10.1176/
jnp.3.3.243

Mazziotta J et al (2001) A probabilistic atlas and reference system for 
the human brain: International Consortium for Brain Mapping 
(ICBM). Philos Trans R Soc Lond B Biol Sci 356:1293–1322. 
https​://doi.org/10.1098/rstb.2001.0915

Mobascher A et al (2009) Fluctuations in electrodermal activity reveal 
variations in single trial brain responses to painful laser stimuli–
a fMRI/. EEG Study Neuroimage 44:1081–1092. https​://doi.
org/10.1016/j.neuro​image​.2008.09.004

Montgomery SA, Åsberg M (1979) A new depression scale designed 
to be sensitive to change. Br J Psychiatry 134:382–389

Morey RD (2008) Confidence intervals from normalized data: a cor-
rection to Cousineau (2005). Reason 4:61–64

Mulert C et al (2004) Integration of fMRI and simultaneous EEG: 
towards a comprehensive understanding of localization and time-
course of brain activity in target detection. Neuroimage 22:83–94. 
https​://doi.org/10.1016/j.neuro​image​.2003.10.051

Nieuwenhuis S, Slagter HA, von Geusau NJ, Heslenfeld DJ, Hol-
royd CB (2005) Knowing good from bad: differential acti-
vation of human cortical areas by positive and negative out-
comes. Eur J Neurosci 21:3161–3168. https​://doi.org/10.111
1/j.1460-9568.2005.04152​.x

Olbrich S, Mulert C, Karch S, Trenner M, Leicht G, Pogarell O, Hegerl 
U (2009) EEG-vigilance and BOLD effect during simultaneous 
EEG/fMRI measurement. Neuroimage 45:319–332. https​://doi.
org/10.1016/j.neuro​image​.2008.11.014

Paret C, Hoesterey S, Kleindienst N, Schmahl C (2016) Associations of 
emotional arousal, dissociation and symptom severity with oper-
ant conditioning in borderline personality disorder. Psychiatry 
Res 244:194–201. https​://doi.org/10.1016/j.psych​res.2016.07.054

Pascual-Marqui RD (2002) Standardized low-resolution brain electro-
magnetic tomography (sLORETA): technical details. Methods 
Find Exp Clin Pharmacol 24 Suppl D:5–12

Peters JR, Upton BT, Baer RA (2013) Brief report: relationships 
between facets of impulsivity and borderline personality fea-
tures. J Pers Disord 27:547–552. https​://doi.org/10.1521/
pedi_2012_26_044

Philipsen A et al (2009) Borderline typical symptoms in adult patients 
with attention deficit/hyperactivity disorder. Atten Defic Hyperact 
Disord 1:11–18. https​://doi.org/10.1007/s1240​2-009-0001-7

Pornpattananangkul N, Nusslock R (2016) Willing to wait: elevated 
reward-processing EEG activity associated with a greater prefer-
ence for larger-but-delayed rewards. Neuropsychologia 91:141–
162. https​://doi.org/10.1016/j.neuro​psych​ologi​a.2016.07.037

Schuermann B, Kathmann N, Stiglmayr C, Renneberg B, Endrass T 
(2011) Impaired decision making and feedback evaluation in bor-
derline personality disorder. Psychol Med 41:1917–1927. https​://
doi.org/10.1017/S0033​29171​00026​2X

Schultz W (2006) Behavioral theories and the neurophysiology of 
reward. Annu Rev Psychol 57:87–115. https​://doi.org/10.1146/
annur​ev.psych​.56.09110​3.07022​9

Sheehan D et al (1998) The Mini-International Neuropsychiatric Inter-
view (MINI): the development and validation of a structured 
diagnostic psychiatric interview for DSM-IV and ICD-10. J Clin 
Psychiatry 59:22

Stiglmayr CE, Shapiro DA, Stieglitz RD, Limberger MF, Bohus M 
(2001) Experience of aversive tension and dissociation in female 
patients with borderline personality disorder—a controlled study. 
J Psychiatr Res 35:111–118

Taber KH, Black DN, Porrino LJ, Hurley RA (2012) Neuroanatomy of 
dopamine: reward and addiction. J Neuropsychiatry Clin Neurosci 
24:1–4. https​://doi.org/10.1176/appi.neuro​psych​.24.1.1

Threadgill AH, Gable PA (2018) Resting beta activation and trait 
motivation: neurophysiological markers of motivated motor-
action preparation. Int J Psychophysiol 127:46–51. https​://doi.
org/10.1016/j.ijpsy​cho.2018.03.002

https://doi.org/10.1152/jn.2000.84.6.3072
https://doi.org/10.1152/jn.2000.84.6.3072
https://doi.org/10.1126/science.1066893
https://doi.org/10.1111/psyp.12040
https://doi.org/10.1111/psyp.12040
https://doi.org/10.1016/j.neuroimage.2012.01.125
https://doi.org/10.1016/j.neuroimage.2012.01.125
https://doi.org/10.1523/JNEUROSCI.0560-15.2015
https://doi.org/10.1523/JNEUROSCI.0560-15.2015
https://doi.org/10.3389/fnhum.2014.00611
https://doi.org/10.3389/fnhum.2014.00611
https://doi.org/10.1037/0033-295X.109.4.679
https://doi.org/10.1037/0033-295X.109.4.679
https://doi.org/10.3389/fnbeh.2017.00148
https://doi.org/10.1371/journal.pone.0083414
https://doi.org/10.1371/journal.pone.0083414
https://doi.org/10.1016/j.biopsych.2006.09.019
https://doi.org/10.1016/j.biopsych.2006.09.019
https://doi.org/10.1016/j.neuropsychologia.2007.07.016
https://doi.org/10.1016/j.neuropsychologia.2007.07.016
https://doi.org/10.1176/jnp.3.3.243
https://doi.org/10.1176/jnp.3.3.243
https://doi.org/10.1098/rstb.2001.0915
https://doi.org/10.1016/j.neuroimage.2008.09.004
https://doi.org/10.1016/j.neuroimage.2008.09.004
https://doi.org/10.1016/j.neuroimage.2003.10.051
https://doi.org/10.1111/j.1460-9568.2005.04152.x
https://doi.org/10.1111/j.1460-9568.2005.04152.x
https://doi.org/10.1016/j.neuroimage.2008.11.014
https://doi.org/10.1016/j.neuroimage.2008.11.014
https://doi.org/10.1016/j.psychres.2016.07.054
https://doi.org/10.1521/pedi_2012_26_044
https://doi.org/10.1521/pedi_2012_26_044
https://doi.org/10.1007/s12402-009-0001-7
https://doi.org/10.1016/j.neuropsychologia.2016.07.037
https://doi.org/10.1017/S003329171000262X
https://doi.org/10.1017/S003329171000262X
https://doi.org/10.1146/annurev.psych.56.091103.070229
https://doi.org/10.1146/annurev.psych.56.091103.070229
https://doi.org/10.1176/appi.neuropsych.24.1.1
https://doi.org/10.1016/j.ijpsycho.2018.03.002
https://doi.org/10.1016/j.ijpsycho.2018.03.002


491Brain Topography (2019) 32:482–491	

1 3

van Asselt AD, Dirksen CD, Arntz A, Severens JL (2007) The cost of 
borderline personality disorder: societal cost of illness in BPD-
patients. Eur Psychiatry 22:354–361. https​://doi.org/10.1016/j.
eurps​y.2007.04.001

Vega D, Soto A, Amengual JL, Ribas J, Torrubia R, Rodriguez-For-
nells A, Marco-Pallares J (2013) Negative reward expectations in 
borderline personality disorder patients: neurophysiological evi-
dence. Biol Psychol 94:388–396. https​://doi.org/10.1016/j.biops​
ycho.2013.08.002

Volkow ND, Wang GJ, Fowler JS, Tomasi D, Telang F (2011) Addic-
tion: beyond dopamine reward circuitry. Proc Natl Acad Sci USA 
108:15037–15042. https​://doi.org/10.1073/pnas.10106​54108​

Wittchen H, Zaudig M, Fydrich T (1997) Structured clinical interview 
for DSM-IV. Hogrefe, Göttingen

Yaple Z, Martinez-Saito M, Novikov NA, Altukhov D, Shestakova 
A, Klucharev V (2018) Power of feedback-induced beta oscilla-
tions reflect omission of rewards: evidence from an EEG gambling 
study. Front Neurosci 12:776

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

https://doi.org/10.1016/j.eurpsy.2007.04.001
https://doi.org/10.1016/j.eurpsy.2007.04.001
https://doi.org/10.1016/j.biopsycho.2013.08.002
https://doi.org/10.1016/j.biopsycho.2013.08.002
https://doi.org/10.1073/pnas.1010654108

	Altered Oscillatory Responses to Feedback in Borderline Personality Disorder are Linked to Symptom Severity
	Abstract
	Introduction
	Materials and Methods
	Participants
	Paradigm
	EEG Recording and Pre-processing
	Time–Frequency Analysis
	sLORETA Analysis
	Statistical Analyses

	Results
	Induced Event-Related Responses
	Correlations with Symptom Severity

	Discussion
	Acknowledgements 
	References


