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Introduction

Borderline personality disorder (BPD) is a severe mental dis-
order affecting about 1.7% of the population and 15%–28% 
of inpatients in psychiatric care.1 It is characterized by a 
 pattern of instability in affect, self-image and interpersonal 
relations as well as impulsivity, risk-taking behaviour and 
hostility.2 According to a prominent theory,3 emotion dys-
regulation is conceptualized as the core feature of BPD, ren-
dering it a primary target for evidence-based interventions, 
such as dialectical behaviour therapy (DBT). Emotion dys-
regulation involves faster and elevated responses to stimuli, 
slower return to baseline, and fewer adaptive and more mal-
adaptive regulation strategies.4 In DBT, patients are trained 

to, for example, better differentiate their own emotions and 
decide which emotions are adaptive (and which are over-
bearing).3 This form of therapy has been shown to have a 
mitigating effect on emotion dysregulation.5

Previous investigations into emotion processing of patients 
with BPD have shown heightened emotional sensitivity,6 
negativity biases7 and altered processing of facial  expressions 
compared with healthy individuals.8 At the neuro biological 
level, univariate analyses of functional neuro imaging data 
from patients with BPD have implicated aberrant activity 
 levels in the amygdala in altered emotion processing9–11 — 
the consistency of which has been reported in meta- 
analyses12,13 — whereas a normalization of such amygdalar 
activity has been reported following psychotherapy.14,15 Such 
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Background: Borderline personality disorder (BPD) is a mental health condition characterized by an inability to regulate emotions or ac-
curately process the emotional states of others. Previous neuroimaging studies using classical univariate analyses have tied such emotion 
dysregulation to aberrant activity levels in the amygdala of patients with BPD. However, multivariate analyses have not yet been used to 
investigate how representational spaces of emotion information may be systematically altered in patients with BPD. Methods: Patients 
with BPD performed an emotional face matching task while undergoing MRI before and after a 10-week inpatient program of dialectical 
behavioural therapy. Representational similarity analysis (RSA) was applied to activity patterns (evoked by angry, fearful, neutral and sur-
prised faces) in the amygdala and temporo-occipital fusiform gyrus of patients with BPD and in the amygdala of healthy controls. Results: 
We recruited 15 patients with BPD (8 females, 6 males, 1 transgender male) to participate in the study, and we obtained a neuroimaging 
data set for 25 healthy controls for a comparative analysis. The RSA of the amygdala revealed a negative bias in the underlying affective 
space (in that activity patterns evoked by angry, fearful and neutral faces were more similar to each other than to patterns evoked by sur-
prised faces), which normalized after therapy. This bias-to-normalization effect was present neither in activity patterns of the temporo- 
occipital  fusiform gyrus of patients nor in amygdalar activity patterns of healthy controls. Limitations: Larger samples and additional ques-
tionnaires would help to better characterize the association between specific aspects of therapy and changes in the neural 
representational space. Conclusion: Our findings suggest a more refined role for the amygdala in the pathological processing of per-
ceived emotions and may provide new diagnostic and prognostic imaging-based markers of emotion dysregulation and personality disor-
ders. Clinical trial  registration: DRKS00019821, German Clinical Trials Register (Deutsches Register Klinischer Studien).
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neuroimaging findings have supported theories designating 
the amygdala as a key brain region in emotion regulation.16

However, univariate analyses of functional neuroimaging 
data have found limited success in generating reliable biomark-
ers of mental disorders.17 To that end, the adoption of multi-
variate methods from cognitive neuroscience has attempted to 
close the explanatory gap between biological psychiatry and 
neuroscience. Representational similarity analysis (RSA),18 a 
form of multivariate pattern analysis,19 has only recently been 
used to examine how the cognitive structure of information is 
altered in different patient groups, such as individuals with 
posttraumatic stress disorder,20 autism21 and schizophrenia.22 
This method of analysis allows researchers to understand the 
relative informational content represented by multivariate 
 activity patterns by using similarity metrics (e.g., Euclidean dis-
tance, correlation distance) to examine the association between 
such activity patterns evoked by distinct concepts.23 This ap-
proach effectively places such concepts in a high-dimensional 
abstract space based on their association with each other, 
thereby allowing for a richer interpretation of mental represen-
tations,24 thus rendering RSA more sensitive than traditional 
univariate analyses to meaningful variability of activity pat-
terns in a given brain region.25,26 To our knowledge, so far no 
study has used RSA to investigate these abstract spaces as they 
pertain to the organization of emotion information using neural 
activity patterns27–29 specifically in individuals with BPD.

As such, in the present study, we sought to extend prior 
neuroimaging findings by using RSA to explore whether 
such neural “emotion spaces,” measured using a classic per-
ceptual matching task of emotional facial expressions,30 show 
systematic alterations,24 such as a higher degree of similarity 
among negative stimuli, before and after patients with BPD 
underwent a 10-week DBT program.

Methods

Participants

We recruited inpatients with BPD to this study as part of an 
ongoing trial for patients with BPD and patients with per-
sistent depressive disorder at the Department of Psychiatry 
and Psychotherapy of the University Hospital LMU 
 Munich.31–33 All experimental procedures were approved by 
the ethics committee of the Faculty of Medicine of the LMU 
and complied with the Declaration of Helsinki following its 
most recent amendments. Participants provided written in-
formed consent before participating in the study.

Clinical scales

At the beginning of treatment, patients were assessed for 
common comorbidities of BPD using the Structured Clinical 
Interview for DSM-5, Clinician Version (SCID-5-CV).34,35 For 
clinical assessment, we administered the Beck Depression In-
ventory (BDI-II),36,37 the 24-item Hamilton Depression Rating 
Scale (HAMD-24),38,39 the Borderline Symptom List — Short 
Version (BSL-23),40,41 the Borderline Personality Disorder 
 Severity Index Version IV (BPDSI-IV)42,43 and the short form of 

the Childhood Trauma Questionnaire (CTQ-SF)44,45 at admis-
sion. After the 10-week treatment of DBT, patients completed 
a second administration of 1 or more of these assessments.

Experimental paradigm

While lying in the MRI scanner, participants performed a classic 
perceptual matching task30 in which they were visually pres-
ented with alternating blocks of emotional faces (i.e., angry, fear-
ful, neutral, surprised) or shapes (which served as the control 
condition). On a given trial, participants saw 3 stimuli (following 
the emotional theme of the current block) simultaneously — 1 at 
the top of the screen (the target stimulus) and 2 at the bottom of 
the screen — with the goal of determining which of the 2 stimuli 
at the bottom was identical to the target stimulus above. Each 
emotion block lasted 48 seconds and included 6 stimuli of a 
given emotional expression appearing in each block for 
4 seconds with a variable interstimulus interval of 2–6 seconds. 
Each shape block lasted 36 seconds and included 6 stimuli of dif-
ferent shapes appearing in each block for 4 seconds with a fixed 
interstimulus interval of 2 seconds. Inter-block intervals were 
12 seconds in duration. The run started and ended with a shape 
block. The task was administered using Presentation software, 
version 18.0 (Neurobehavioural Systems, Inc.), and stimuli 
were projected onto a screen that participants viewed using a 
mirror in the MRI scanner. Responses were provided via an 
MRI-compatible keypad (Current Designs).

Neuroimaging acquisition parameters

Neuroimaging data acquisition was carried out at the Neuro-
imaging Core Unit Munich (NICUM) of the LMU using a 3 T 
Siemens Magnetom Prisma scanner with a 32-channel head 
coil (Siemens AG). Functional sequences consisted of 650 vol-
umes acquired with a T2*-weighted echo-planar imaging 
(EPI) sequence with the following parameters: 72 slices per 
volume in ascending interleaved order with multiband factor 
8, voxel size  2 mm3 isotropic, repetition time (TR)  800 ms, 
echo time (TE)  37 ms, flip angle  52°, field of view 
(FOV) 208 mm. The first 5 volumes of functional scans were 
dummy volumes to account for T1-saturation and were dis-
carded before image preprocessing. To coregister the func-
tional images with the high-resolution anatomic images, 
208 slices of T1-weighted scans were acquired using a magnet-
ization prepared rapid gradient-echo (MP-RAGE) sequence 
with the following parameters: voxel size 0.8 mm3 isotropic, 
TR 2500 ms, TE 2.22 ms, flip angle 8°, FOV 256 mm).

Neuroimaging data analysis

Neuroimaging data were analyzed using SPM12, MATLAB 
R2020a (The Mathworks) and CoSMoMVPA.46 Preprocessing 
of the neuroimaging data made use of default settings of the 
SPM12 preprocessing pipeline (https://www.fil.ion.ucl.ac.uk/
spm/software/spm12/) and included spatially realigning the 
functional images to the mean image in the time series using a 
6-parameter rigid body transformation and fourth degree b-
spline interpolation, coregistering the functional images to a 
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given participant’s T1-weighted structural scan, normalizing the 
coregistered images to a standard 2-mm Montreal Neurological 
Institute (MNI) template using fourth degree b-spline inter-
polation, and spatially smoothing the images with an 8-mm full-
width at half-maximum (FWHM) Gaussian kernel. Slice-timing 
correction was not performed, as the task was a block design.

The preprocessed functional images were analyzed using 
a general linear model (GLM) containing 1 regressor per 
condition. Regressors corresponding to the task blocks were 
modelled as box-car functions and convolved with a canon-
ical  hemodynamic response function. Motion-correction 
param eters were modelled as regressors of no interest in ad-
dition to a constant term.

Region of interest definition

As this experimental paradigm is known to activate the 
amygdala when contrasting face blocks with shape blocks,30 
we sought to determine whether the amygdala also systemat-
ically represents patterns of multivariate activity pertaining to 
emotion information; as such, we obtained a bilateral amyg-
dala region of interest (ROI) from the probabilistic Harvard–
Oxford atlas,47 which was masked at a probability threshold 
of 0.8, yielding a region size of 209 voxels. Each participant’s 
whole-brain t-scores (from the parameter estimates generated 
via the GLM) for the contrasts of interest (i.e., Anger > Shapes, 
Fear > Shapes, Neutral > Shapes, and Surprise > Shapes) were 
masked using this amygdala ROI for the RSA.

Representational similarity analysis

Using the Pearson correlation coefficient, the t-scores within the 
extracted voxels were correlated for each participant across con-
ditions from the first time point and again, separately, from the 
second time point. This procedure yielded 6 correlation values 
per time point, which were visualized as correlation matrices. 
The pattern in the difference between the surprise stimuli and 
the other stimuli (in the first session) led us to investigate 
 between-condition correlations within sessions, which in turn al-
lowed us to compare these relative differences between sessions. 
To this end, for a given participant and a given time point, we 
separated correlation values that involved the surprise condition 
from correlations that did not involve the surprise condition and 
averaged these 2 sets independently (i.e., correlations between 
anger–fear, anger–neutral and fear–neutral were averaged to-
gether, and correlations between anger–surprise, fear–surprise 
and neutral–surprise were averaged together). This procedure 
yielded an “other v. surprise” analysis that we investigated be-
fore and after therapy (Fisher transforming all participants’ aver-
aged correlation values) via a 2-factor repeated- measures analy-
sis of variance (ANOVA) using SPSS, version 28.0 (IBM Corp.). 
Statistical thresholds were set at an α level of 5%.

Regional control

To determine whether the multivariate findings were specific 
to the amygdala, we also obtained a bilateral ventrotemporal 
cortex ROI from the probabilistic Harvard–Oxford atlas, which 

is known to encode object categories.48,49 The expectation was 
that this ROI would encode face information (and potentially 
the corresponding emotional expressions) but that there would 
be no systematic changes in the representational space follow-
ing DBT. Specifically, we obtained a bilateral temporo-occipital 
fusiform gyrus ROI, which was masked at a probability thresh-
old of 0.63 (yielding a region size of 217 voxels), so that the con-
trol ROI contained roughly the same number of voxels as the 
amygdala ROI. Here, we used a 3-factor repeated- measures 
ANOVA (region × emotion × time) to compare the results from 
the amygdala with those from the fusiform gyrus.

Healthy control group

In an additional follow-up analysis, we sought to determine 
whether the observed amygdala-specific effect was also spe-
cific to patients. To this end, we incorporated a neuroimaging 
data set from a sample of healthy controls who underwent the 
same emotion task in 2 separate sessions separated by a per-
iod of approximately 7 weeks. These neuroimaging data were 
acquired at Heidelberg University between 2016 and 2018 
 using a 3 T Siemens Tim Trio scanner (Siemens AG) with a 
32-channel head coil. Functional sequences consisted of 
40 transverse slices per volume acquired with a T2*-weighted 
gradient EPI sequence (voxel size  2.3 mm3 isotropic, TR 
2340 ms, TE 26 ms, flip angle  80°, FOV 220 mm). To coregister 
the functional images to high-resolution anatomic images, 
structural scans were acquired using a T1-weighted MP-
RAGE sequence (voxel size  1 mm3 isotropic, TR  1900 ms, 
TE 2.52 ms, flip angle 9°, FOV 256 mm). Further details about 
this data set have been published previously.15 Preprocessing 
of the neuroimaging data from the healthy controls also made 
use of the default settings in SPM12 and likewise included re-
alignment and coregistration to the mean functional image, 
spatial normalization to the standard 2-mm MNI template, 
and smoothing with an 8-mm FWHM Gaussian filter.

The same ROI analysis on the amygdala was carried out 
using the data set of the healthy controls, and a 3-factor 
mixed ANOVA (group × emotion × time) was used to com-
pare the results from the patients with BPD with those from 
the healthy controls.

Follow-up correlation analyses

Given the findings from the similarity analysis, we wanted to 
explore whether there was any correlation between the 
changes in the amygdalar emotion space and other partici-
pant characteristics. To this end, the difference scores for each 
clinical scale (with the exception of the CTQ-SF, which was 
administered only once) were rank-correlated (using Kendall 
τb) with the interaction values from the activity patterns in the 
amygdala. In addition to the overall score of the BPDSI-IV, we 
also used the scores from the subscales for impulsivity (symp-
tom area 4) and affective instability (symptom area 6), as these 
aspects of BPD have been associated with functionality of the 
amygdala.50 Participants’ ages were Pearson correlated with 
the interaction values. Corresponding p values were gener-
ated following 10 000 iterations of permutation testing.
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Results

Participants

We initially recruited 21 inpatients between the ages of 19 
and 54.5 years (12 females, 6 males, 2 transgender males, 
1 unspecified; mean age 27 ± standard deviation [SD] 10 yr). 
Six patients between the ages of 19 and 33.6 years (4 females, 
1 transgender male, 1 unspecified; mean age 22.7 ± SD 5.6 yr) 
did not participate in the second neuroimaging session, as 
they were either discharged early from the clinic or refused 
to participate in the second session. As such, full data sets for 
the remaining 15 participants between the ages of 19.8 and 
54.5 years (8 females, 6 males, 1 transgender male; mean age 
28.6 ± SD 11 yr) were included in the present analysis. The 
neuroimaging data set for the healthy control group came 
from a sample of 25 volunteers (18 females, 9 males; mean 
age 30.2 ± SD 7.8 yr).

Among the patients with BPD, 12 had a current major de-
pressive episode, 8 patients were diagnosed with life-time 
PTSD (current symptomatology, n = 5), 5 patients had a life-
time binge eating disorder (current symptomatology, n = 1) 
and 1 had a life-time (and current) bulimic eating disorder. 
After the 10-week treatment of DBT, 15 patients completed 
a second administration of the HAMD-24, 14 completed a 
second administration of the BPDSI-IV and 12 completed a 
second administration of the BDI-II and BSL-23 (Table 1 and 
 Appendix 1, Tables 1–3, available at https://www.jpn.ca/
lookup/doi/10.1503/jpn.230085/tab-related-content). 

Similarity of amygdalar activity patterns reflects negative 
shift in emotion space that normalizes after therapy

Representational geometry of patients’ emotion spaces within 
the amygdala (Figure 1A) showed a negative bias in the first 
session that was not detected in the second session (time × 
emotion: F1,14 = 5.027, p = 0.042; Figure 1D). Specifically, before 
DBT, activity patterns evoked by angry, fearful and neutral 
facial expressions showed a greater average similarity (i.e., 
higher correlation) to each other (i.e., “other pairs”) than to 

facial expressions depicting surprise (t14 = 2.805, p = 0.014). 
Following DBT, this imbalance in the emotion space was no 
longer evident, as the representational geometry revealed a 
more uniform degree of similarity among the activity pat-
terns (t14 = 0.005, p > 0.99).

Emotion space in object-selective cortex remains relatively stable

To determine whether the systematic change in the emotion 
space was specific to the amygdala, we ran the same analysis 
in the temporo-occipital fusiform gyrus, knowing that face 
information is reportedly encoded by the ventrotemporal 
cortex. Here the representational geometry showed a dramat-
ically higher overall degree of similarity between all facial ex-
pressions compared with that of the amygdala (region: 
F1,14 = 29.995, p = 8.2 × 10−5; Figure 1B). The interaction be-
tween emotions and time, as observed in the amygdala, also 
differed between regions (region × emotion × time: 
F1,14 = 5.866, p = 0.03), with no detectable evidence for such an 
interaction effect in the fusiform gyrus (emotion × time: 
F1,14 = 0.174, p = 0.68; Figure 1E).

Emotion spaces differ between patients and healthy controls

The last follow-up control analysis sought to determine 
whether the dynamic aspect of the emotion space underlying 
the amygdala was specific to patients with BPD, or whether 
time alone could explain this effect, in that a similar systema-
ticity would be observable in healthy controls at 2 different 
points in time. To this end, we applied the same analysis to 
amygdalar voxels of healthy controls. There was an overall 
difference between the groups, in that pattern correlations of 
the patients with BPD tended to be higher than those of 
healthy controls (group: F1,38 = 7.054, p = 0.011; Figure 1C). 
More importantly, the previously reported interaction effect 
differed between the groups (group × emotion × time: 
F1,38 = 5.184, p = 0.029) and was not observed in the healthy 
controls (emotion × time: F1,24 = 0.63, p = 0.80; Figure 1F). Ad-
ditionally, the emotion spaces of healthy controls did not 
show any systematic changes in terms of emotions 
(F1,24 = 0.622, p = 0.44) or time (F1,24 = 3.685, p = 0.07).

Correlation analyses

Rank-correlating the interaction values from the amygdalar 
activity patterns with the difference scores in the clinical 
scales showed a slight positive correlation between the 
fourth symptom area of the BPDSI-IV (i.e., impulsivity). 
Namely, decreasing pattern similarity of the facial expres-
sions other than surprise (with respect to the changing pat-
tern similarity of the surprised facial expressions; i.e., the 
inter action effect) corresponded to decreasing impulsivity 
scores (τ = 0.35, p = 0.03; Figure 2). The remaining correla-
tions for the BDI-II (τ = –0.11, p = 0.66), BSL-23 (τ = –0.09, 
p  =  0.64), HAMD-24 (τ  =  0.12, p  =  0.26), BPDSI-IV total 
(τ  =  0.05, p  =  0.38), BPDSI-IV affective instability (sixth 
symptom area; τ  =  0.01, p  =  0.46) and CTQ-SF total score 
(τ = –0.03, p = 0.56) did not surpass the statistical threshold. 

Table 1: Descriptive statistics for the clinical scores

Clinical scale Median (IQR) p value*

BDI-II –3.5 (–9.00 to 2.00) 0.054

BSL-23 0.025 (–0.52 to 0.57) 0.079

HAMD-24 –2.0 (–8.5 to 4.5) 0.11

BPDSI-IV –5.57 (–12.39 to 1.25) 0.013

    Impulsivity† –0.64 (–1.275 to –0.005) 0.021

    Affective instability‡ –0.1 (–1.7 to 1.5) 0.69

CTQ-SF§ 48.0 (34.5 to 61.5) –

BDI-II = Beck Depression Inventory; BPDSI-IV = Borderline Personality Disorder 
Severity Index Version IV; BSL-23 = Borderline Symptom List — Short Version; 
CTQ-SF = short form of the Childhood Trauma Questionnaire; HAMD-24 = 24-item 
Hamilton Depression Rating Scale; IQR = interquartile range. 
*Wilcoxon signed-rank tests contrasting the median score of the 2 sessions.
†Fourth symptom area of the BPDSI-IV.
‡Sixth symptom area of the BPDSI-IV.
§CTQ-SF scores were acquired only during the first session and therefore do not 
reflect a difference score.
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Figure 1: Results from the representational similarity analysis depicted as correlation matrices of the multivariate patterns evoked by the emo-
tional facial expressions for both sessions in (A) the amygdala of patients with borderline personality disorder (BPD), (B) the fusiform gyrus of 
patients with BPD and (C) the amygdala of the healthy controls (HC). The amygdalar emotion space of the patients with BPD showed (D) a 
higher degree of similarity between angry, fearful and neutral expressions (blue bars) compared with the similarity of surprised expressions 
with the other facial expressions (red bars), which normalized in the second session after dialectical behaviour training (DBT; F1,14 = 5.027, 
p = 0.042). This interaction effect from (D) was observed neither in (E) the fusiform gyrus of patients with BPD (F1,14 = 0.174, p = 0.68) nor in 
(F) the amygdala of the healthy controls (F1,24 = 0.63, p = 0.80). Error bars represent standard errors of the mean.
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Likewise, Pearson correlation of participants’ ages with their 
interaction values from the amygdalar activity patterns 
yielded a negative correlation that also did not pass the sta-
tistical threshold (r = –0.29, p = 0.15). All p values presented 
here were generated through permutation testing and reflect 
1-sided statistical tests. However, none of these correlations 
survived a correction for multiple comparisons; as such, 
these results should be considered exploratory.

Discussion

Emotion dysregulation is a core symptom of BPD,51 and DBT 
focuses on this dysregulation by training patients to differen-
tiate their emotions.3 Functional neuroimaging studies of 
such emotion dysregulation in patients with BPD have used 
univariate analyses to consistently show altered activation 
levels of the amygdala,13,12 also with respect to treatment pro-
grams incorporating DBT.52 However, the use of multivariate 
pattern analysis opens up new avenues for interpreting the 
role of the amygdala in individuals with BPD, as RSA allows 
one to hypothesize not only about the involvement of a brain 
region, but also more specifically about the representational 
content underlying its activity patterns.23

As such, this study sought to provide a first look into high-
dimensional neural representations of perceived emotions in 
patients with BPD. We combined RSA with functional MRI to 
investigate how the representational geometry of emotion in-
formation in the amygdala differs in patients with BPD before 
and after DBT. We found that, before therapy, there was an un-
usual negative shift in the representational space of perceived 
emotions in patients with BPD, in that neutral faces were repre-
sented more similarly to angry and fearful faces (leading to sur-
prised faces being represented less similarly to the faces ex-
pressing other emotions). After therapy, this systematicity 
normalized, such that all representations of emotional expres-
sions maintained a comparable degree of similarity to each 
other (i.e., the emotions were more evenly distributed across 
the representational space). This negatively shifted structure in 
the affective representational space of the amygdala is consist-
ent with negativity biases observed in patients with BPD.53 The 
fact that this negatively shifted structure was detected neither 
in the object-selective (i.e., ventrotemporal) cortex of patients 
with BPD nor in the amygdala of healthy controls allows for 
the interpretation that the amygdala may be playing a more 
fine-grained role in patients with BPD (i.e., beyond that of a 
 hyperactive node in an emotion circuit), in that it processes 
neutral social cues more similarly to negative social cues.

Our findings are supported by those of prior studies show-
ing that multivariate patterns in the amygdala reflect aver-
sive learning,54 subjective valence55 and facial expressions.56 
Here we extend such work by showing that a diagnosis of 
BPD can also contribute to alterations in amygdalar affective 
spaces. The specificity of this finding in the amygdala, with 
respect to the fusiform gyrus, is also corroborated by previ-
ous work showing that changes in representational spaces 
following fear conditioning occurred in downstream regions 
involved in affective processing rather than in the object- 
selective cortex.57–59

Additionally, Puccetti and colleagues recently used RSA 
to show that a decreased persistence of the amygdala to rep-
resent negative information corresponded to higher psycho-
logical well-being.60 This discovery is in line with our result 
that the negative bias in the amygdalar affective space nor-
malized in patients with BPD following DBT, which raises 
the question of whether systematic variations in this space 
might be indicative of meaningful individual differences and 
have prognostic value. As such, the findings we present here 
offer a new perspective on the involvement of the amygdala 
in (pathologically) representing emotion information and 
may reflect a neural mechanism of emotion dysregulation 
that classically characterizes BPD.

Limitations

One of the primary methodological limitations of our study de-
rives from the sample of healthy volunteers having not been 
specifically matched demographically to the patients with BPD 
in the current study and having been acquired on a different 
MRI scanner with different scanning parameters.15 However, as 
we did not directly compare the groups, but rather within-
group longitudinal changes between the groups, concerns re-
garding potential methodological biases are diminished. The 
presence of such biases would be expected if 1 set of scanning 
parameters was intrinsically more sensitive to detecting multi-
variate activity patterns of interest.61 For this reason, we addi-
tionally carried out the same analysis in the fusiform gyrus of 
the healthy controls in order to show that, like in the patients 
with BPD, the category of faces was represented among the 
corresponding multivariate activity patterns, as indicated by a 
high degree of pattern similarity (Appendix 1, Figure 1). Never-
theless, we acknow ledge that a more rigorous control sample 
with matching acquisition protocols would ultimately be 
 favourable; as such, this control analysis represents only a first 
step in determining the specificity of the effects reported here.

Another limitation of our study involves the extent to 
which we can associate the representational geometry in the 
amygdala to specific pathological aspects of BPD. Although 
the correlation analysis revealed a possible link between the 
altered affective space and impulsivity scores, the association 
was not particularly robust, as evidenced by the failure of the 
correlations to survive a correction for multiple comparisons; 
however, this null effect could simply have been due to our 
small sample size.

Conclusion

As this study is, to our knowledge, the first to apply RSA to 
functional MRI data of patients with BPD, follow-up work in-
corporating similar methodology, larger samples and addi-
tional questionnaires is warranted in order to better character-
ize the association between neural representational spaces, 
emotion dysregulation and BPD. One idea would involve car-
rying out several neuroimaging scans throughout the course 
of a DBT program in conjunction with a dismantling design.52 
This approach could help to constrain our understanding of 
the association between specific aspects of therapy and 
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changes in the neural representational geometry, potentially 
revealing how such altered representational spaces map onto 
pathological behaviour in patients with BPD, thereby increas-
ing the prognostic value of functional MRI in the clinic. An-
other idea would involve applying the same analyses to 
neuro imaging data from a different patient population — also 
characterized by issues with interpersonal interactions (e.g., 
depression) — to determine the diagnostic specificity of al-
tered emotion spaces in the amygdala. Finally, given the com-
plexity of mental disorders and the brain networks contribut-
ing to them, one could additionally carry out follow-up 
connectivity analyses using the amygdala as a seed region, in 
conjunction with representational connectivity analysis,18,62,63 
to determine how such multidimensional representations are 
altered within and between large-scale networks.

Many studies over the past decades have reported abnormal 
activation levels of the amygdala as a potential mech anism 
under lying the behaviour of patients with BPD. In this brief re-
port, we provide a first glimpse into the combination of multi-
variate pattern analysis with functional MRI data acquired 
from patients with BPD. Before and after patients under went a 
10-week inpatient program of DBT, we used RSA to explore 
the informational content of activity patterns in the amygdala 
evoked from a task involving identification of facial expres-
sions. Our approach showed a negative shift in the representa-
tional space before therapy, in which angry, fearful and 
 neutral faces were represented unexpectedly similarly to one 
another, while surprised faces were unexpectedly dissimilar to 
the other expressions. This bias normalized following therapy. 
Such findings indicate that RSA can reveal novel insights into 
the neurobiological underpinnings of information processing 
in personality disorders, which has the potential to increase 
the diagnostic and prognostic value of functional neuro-
imaging for clinical psychology and psychiatry.

An earlier version of this manuscript was published as a preprint: 
Levine SM, Merz K, Keeser D, et al. Altered amygdalar emotion 
space in borderline personality disorder normalizes following dia-
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