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Abstract
Though a plethora of functional magnetic resonance imaging (fMRI) studies explored the neurobiological
underpinnings of borderline personality disorder (BPD), findings across different tasks were divergent. We conducted a
systematic review and activation likelihood estimation (ALE) meta-analysis on the fMRI studies conducted in BPD
patients compared to healthy controls (HC). We systematically searched PubMed and PsychINFO from inception until
July 9th 2020 using combinations of database-specific terms like ‘fMRI’, ‘Neuroimaging’, ‘borderline’. Eligible studies
employed task-based fMRI of the brain in participants of any age diagnosed with BPD compared to HC, during any
behavioral task and providing a direct contrast between the groups. From 762 entries, we inspected 92 reports full-
texts and included 52 studies (describing 54 experiments). Across all experiments, the HC > BPD and BPD > HC meta-
analyses did not yield any cluster of significant convergence of differences. Analyses restricted to studies of emotion
processing revealed two significant clusters of activation in the bilateral hippocampal/amygdala complex and anterior
cingulate for the BPD > HC meta-analysis. Fail-safe N and single study sensitivity analysis suggested significant findings
were not robust. For the subgroup of emotional processing experiments, on a restricted number of experiments
providing results for each group separately, another meta-analysis method (difference of convergence) showed a
significant cluster in the insula/inferior frontal gyrus for the HC > BPD contrast. No consistent pattern of alteration in
brain activity for BPD was evidenced suggesting substantial heterogeneity of processes and populations studied. A
pattern of amygdala dysfunction emerged across emotion processing tasks, indicating a potential pathophysiological
mechanism that could be transdiagnostic.

Introduction
According to the Diagnostic and Statistical Manual of

Mental Disorders 5th edition (DSM 5), Borderline per-
sonality disorder (BPD) is characterized by a pervasive
pattern of instability referred to interpersonal relation-
ship, self-image and affects together with marked impul-
sivity and emotional dysregulation1. The disorder has a
considerable prevalence (5.9% lifetime2) and is associated
with significant and widespread impairment of patients’
lives2–5. A plethora of neuroimaging studies6, most of
which employed functional Magnetic Resonance Imaging
(fMRI), attempted to delineate the neurobiological

underpinnings of BPD. However, findings across different
types of tasks were divergent. For example, some studies
showed activation increased in the amygdala7,8, insula9,
occipital, frontal and temporal areas10,11, while others
reported decreased activation in both frontal and tem-
poral regions12, cingulate cortex and nucleus accum-
bens13. Yet other studies found no significant differences
in activation between BPD and healthy subjects (HC)14.
These contradictory findings could be due to methodo-
logical aspects related to differences in the processes
studied (i.e, emotion processing, theory of mind, cognitive
functions), paradigms or stimuli used, but also use of
small samples, Region of Interest (ROI) analysis or
uncorrected statistics. Conversely, heterogeneous findings
could be indicative of “real” heterogeneity among BPD
patient populations.
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Hence, we conducted a systematic review and activation
likelihood estimation (ALE) meta-analysis on the fMRI
studies conducted in BPD patients compared to healthy
controls. The meta-analytical technique considers nuclei
of activation reported in single experiments as spatial
probability distributions centered at the coordinate itself.
These distributions are then used for the generation of a
brain map representing the likelihood of activation of
each candidate location15. An earlier meta-analysis on
19 studies16 focused solely on the contrast between
negative and neutral stimuli and found higher con-
vergence of differences in BPD as compared to HC in the
left amygdalae and in the posterior cingulate, along with a
blunted response of the bilateral dorsolateral prefrontal
cortex. Here, we implemented a broader approach to BPD
as we hypothesized that despite heterogeneity, a con-
sistent pattern of dysfunction in BPD would nonetheless
emerge, with more specific patterns observed in homo-
geneous subgroups. In particular, network analysis high-
lighted17 difficulties in emotional regulation as central
features of BPD, while several reports underscored over-
lapping brain networks related to negative emotion pro-
cesses and working memory18 or even a casual effect of
difficulties in emotional regulation on other cognitive
functions such mentalizing19 and working memory20.
Thus, we expected that associated neurobiological dys-
functions would also impact other mental functions and
hence emerge consistently across studies, despite the use
of different tasks or evaluation domains.

Methods
Study selection
The study was pre-registered on PROSPERO repository

(CRD42019121856) and is reported following the
PRISMA guidelines21 (see Supplementary Material for
PRISMA checklist). We conducted systematic searches in
PubMed and PsychINFO from inception until 9th of July
2020. We used combinations of database-specific terms as
‘fMRI’, ‘borderline’, ‘Neuroimaging’ (see Fig. 1 and Sup-
plementary Material for the exact search string). Eligible
studies (1) employed task-based fMRI of the brain in (2)
participants of any age diagnosed with BPD according to
the DSM IV, IV-TR or 5, based on diagnostic interviews,
with or without comorbid disorders, (3) compared to a
matched healthy control group (HC), during (4) any
behavioral task using the same experimental paradigm
was used for both BPD and HC, and had to include (5) a
direct univariate comparison of brain activation between
BPD and HC (i.e., BPD > BPD and/or BPD >HC), for
which (6) 3D coordinates of peak activations in stereo-
tactic space of the Montreal Neurological Institute (MNI)
or Talairach were reported, and (7) whole-brain (i.e., not
just Region of Interest/ROI) analysis were employed.
There were no restrictions regarding receipt of any kind

of treatment, past or current. For multiple reports on
overlapping samples, only one (i.e., the one with the lar-
gest sample) was included. Reviews, meta-analyses and
case-studies were excluded. Studies in English and Italian
were considered eligible. Two authors (GD, CG) inde-
pendently screened and selected studies.

Data extraction
From each report, we extracted the following information:

(1) participant mean age and gender (number of male and
female participants); (2) comorbidities; (3) concurrent
treatments; (5) type of task (e.g., passive or active tasks; task
involving impulsivity control; emotional or cognitive tasks)
and stimuli (e.g., faces, scripts, images, words); (6) coordi-
nates for direct comparison of brain activation between BPD
and HC; (7) where available, coordinates for the activations
within each single group (BPD and HC). Data were
extracted independently by two researchers (EdR, GD).

Risk of Bias
The Risk of Bias (RoB) of included studies were eval-

uated with a modified version of the Newcastle-Ottawa
scale (NOS)22, (mNOS) adapted to fMRI data23 (See
supplementary material for details).

Fig. 1 PRISMA diagram for the systematic research. BPD
borderline personality disorder, HC healthy controls, ROI region of
Interest.
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ALE meta-analysis
Stereotactic coordinates for the ALE meta-analysis were

extracted from the studies. The ALE algorithm was used
as implemented in GingerALE 3.02 software24. We used
the correction proposed by Turkeltaub and colleagues15,
as implemented in GingerALE to control for multiple
comparisons on the same dataset. Sample size for each
experiment were used to calculate the Full‐Width Half‐
Maximum (FWHM) of the Gaussian function used to blur
the foci. Coordinates in the MNI 152 standard space were
converted into the Talairach space using the GingerALE
foci converter tool.
Two approaches can be employed in an ALE meta-

analysis of two groups. The first (“convergence of activation
differences”) uses coordinates from the contrast ‘patients vs.
controls’ (i.e., patients > controls and controls > patients).
The second (“differences in convergence”) pools the acti-
vation reported within each group separately, and subse-
quently computes a contrast between the resultant ALE-
maps. We performed both for each of the two contrasts of
interest (i.e., HC > BPD, BPD>HC) in each experiment.
We used convergence of activation differences as the

primary analysis because it used data from all included
studies. Statistical significance was assessed and corrected
for multiple comparisons using a cluster-based method
implemented in GingerALE: p < 0.001 cluster forming
threshold, p < 0.05 cluster corrected FWE and N= 2000
permutations.
To check the robustness of the findings we performed a

pooled analysis combining coordinates across BPD >HC
and HC > BPD. This analysis reflects a more adequate
summary of group differences because at the single study
level, differences in analysis approaches and control
conditions may have influenced the direction of reported
group differences. To explore heterogeneity, we also
conducted post-hoc sensitivity analyses by assembling
more homogeneous subgroups of similar studies, based
on extracted study characteristics such as type of task
(e.g., passive or active tasks), type of stimuli (e.g., Inter-
national Affective Picture System - IAPS) or type of
domain evaluated (e.g., memory, impulsivity, emotion).
As additional robustness checks for analyses that pro-

duced significant findings, we conducted a “Fail-Safe N”
analysis adapted for ALE meta-analysis25 to evaluate the
potential publication bias, and a “leave-one-out” analysis
to assess the impact of single studies on the results.
For the secondary analysis (differences in convergence),

we computed separate meta-analyses for activations of
controls and BPD and then contrasted them in a differ-
ences of convergence analysis. For the single group meta-
analysis, we used the same parameters as in the primary
analysis. To compute the differences of convergence, we
used an uncorrected p value < 0.05, N= 10.000 permuta-
tions and a cluster threshold of 100mm3.

Potential differences between the two methods could be
attributed to the different number of included studies
rather than to genuine discrepancies between methods.
We tested for this hypothesis in sensitivity analyses, in
which the primary and secondary methods were limited to
the experiments reporting coordinates for the same type
of contrasts for both single- and between groups results.
(Fig. 1, Supplementary Methods).
Across all analyses, we set the minimum number of

studies to 17. According to previous simulations, meta-
analyses with less than 17 studies are likely to have
insufficient power to detect smaller effects, increasing the
risk that results are driven by single/few experiments26,27.

Results
Study selection
The search produced 762 entries (463 after duplicate

removal), 371 of which were excluded based on the
abstract, leaving 92 reports for full-text inspection. From
these, 40 reports were further excluded due to (1) lack of
direct univariate comparison between BPD and HC (n=
9); (2) comparison restricted to functional connectivity
analysis (n= 5); (3) non-significant results for the com-
parison (n= 4); (4) ROI only reported (n= 21); (5) re-
analyses of previous, already included, studies or paper
reported no new results (n= 1). A total of 52 articles
(Table 1 and Supplementary Table S1) were included in
the meta-analysis, as described in the PRISMA flow dia-
gram (Fig. 1). The 52 articles described 56 experiments
and we further excluded two experiments for lack of
significant results for the primary or secondary analysis.

Characteristics of included studies
The 54 experiments included 2084 subjects (1104 BPD

and 1100 HC). All studies performed whole-brain ana-
lyses. For the primary analysis we used 52 experiments: 24
reported both contrasts HC > BPD and BPD >HC, seven
the HC > BPD contrast only, whereas 21 the BPD >HC
contrast only. Twenty-three studies also reported single
group analyses (Fig. 1 and Supplementary Table S1): 21
for both HC and BPD, one for HC only and two for BPD
only. A complete description of the studies including type
of task, stimuli, presence of comorbidity and medications
status is presented in the Table 1). Based on these char-
acteristics, we assembled more homogenous groups for
sensitivity analyses. We conducted analyses restricted to
studies (1) using only active or (2) passive tasks; (3)
employing a task related to emotion processing (genera-
tion, recognition, regulation) (4) restricted to unmedi-
cated patients.

Risk of bias
According to our mNOS scale scores no study presents

a high risk of bias, eleven have low risk while the great
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majority (41) have an intermediate risk (Supplementary
Table S2 and Supplementary Fig. S1). The full description
of the study quality is described in the Supplementary
Material.

Primary analysis: convergence of differences
For the voxel-wise whole-brain analysis 51 reports (52

experiments) were considered. For the HC > BPD meta-
analysis we included 31 experiments and obtained a
minimum cluster size of 624 (MCS) mm³, while for the
BPD >HC meta-analysis we included 45 experiments and
obtained an MCS of 752mm³. Across both ALE meta-
analyses, we did not find any cluster of significant
convergence.

Sensitivity analyses for primary analysis
In analysis restricted to studies of emotion processing

(42 experiments) for the contrast BPD >HC (34 experi-
ments, MCS 656mm3), we found significant clusters in
the two amygdalae along with the anterior cingulate
(ACC)/middle frontal gyrus (MFG) (Table 2 and Fig. 2).
For the contrast HC > BPD (24 Experiments, MCS 680)
we did not find any significant cluster.
We were interested in the distinct pattern of activation

related to emotional regulation, however only six studies
specifically addressed emotional modulation in BPD28–33,
too few for a meta-analysis. As impulsivity is a key feature
of BPD17 with specific brain correlates only partially
overlapping with the broader emotional circuits, we
considered these studies separately. However, only
four13,34–36 studies examined impulsivity.
Analyses restricted to studies of unmedicated indivi-

duals showed largely similar results of the emotional
processing meta-analysis (Supplementary Material, Sup-
plementary Fig. S2 and Supplementary Table S3). Another
sensitivity analysis restricted to studies using active tasks
did not produce significant results. There were too few
studies using passive tasks (12 for BPD >HC and 2 for
HC > BPD) to run a meta-analysis. Finally, the pooled
analysis using both the HC > BPD and the BPD >HC
contrasts in the same meta-analysis did not show sig-
nificant results (Supplementary Material).
The leave-one-out procedure conducted on the sub-

group of emotion processing studies (the only ones with
statistically significant findings), showed that the clusters
in the right amygdala remained significant 29 over 34
times, the cluster in the left amygdala, 27 times and the
ACC/MFG cluster 24 times. Notably, excluding one par-
ticular study37 led to no significant cluster of convergence,
excluding three studies8,38,39 led to only one significant
cluster, and excluding other 13 studies preserved two out
of three significant clusters (Table 3). The Fail-Safe N
analysis showed that the addition of only two studies
rendered the ACC/MFG cluster no longer significant.

Similarly, three hypothetical studies would make the left
amygdala finding null. Adding 33 studies would result in
no remaining significant cluster of convergence (Supple-
mentary Fig. S3).

Secondary analysis: difference in convergences
Twenty-three experiments reported coordinates for

single group analyses (23 for HC and 22 for BPD) (Sup-
plementary Methods and Supplementary Table S1).
Results for the meta-analysis within each group are
reported in the Supplement (Supplementary Table S4 and
Supplementary Fig. S4). No significant clusters were
identified for the BPD >HC contrast. For the HC > BPD a
significant cluster of difference in convergences between
the two groups was highlighted in the right insula/
inferior frontal gyrus (IFG) (Supplementary Table S5 and
Supplementary Fig. S5).
The number of eligible studies for all sensitivity analyses

less than 17. Nevertheless, we computed exploratory sen-
sitivity analyses (considering only emotion processing and
respectively only active task experiments), which showed
no significant results (see Supplementary Results) (Sup-
plementary Tables S6 and S7 and Supplementary Fig. S6).

Discussion
We report, to our knowledge, the first meta-analysis

comprising all fMRI neuroimaging studies for borderline
personality disorder. The main findings underscore the
substantial heterogeneity of this literature, in reference to
the processes studied (e,g., emotion40,41, impulsivity36,42,
attention and working memory43), as well as study
populations (e.g., concomitant medication, comorbid-
ities). Importantly, though impulsivity and emotional
dysregulation are cardinal symptoms of BPD, they were
assessed in few studies (four and six respectively). How-
ever, methodological differences can represent other
important sources of heterogeneity. A variety of beha-
vioral tasks were used, and it is likely that some were more
reliable and robust in measuring the target processes than
others, as demonstrated in a large-scale analysis of self-
regulation measures44. Moreover, analytic pipelines
including pre-processing, choices in data analysis like the
type of multiple comparison corrections employed most
likely diverged between studies, with direct consequences
on the threshold for identifying statistical findings45–48.
The relationship between analytic choices and reporting
statistically significant findings is particularly relevant for
ALE meta-analyses, which exclusively rely on these results
and cannot consider non-significant one49.

Convergence of differences
Analyses restricted to more homogeneous subgroups

highlighted significant clusters of convergence in the
primary analysis. Specifically, we found dysfunctional
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pattern in the two amygdalae and ACC/MFG across
emotion processing tasks. Of note, analyses limited to
studies with non-medicated patients also resulted in a
significant cluster of convergence in the right hippoca-
mus/amygdala. Nonetheless, all the studies on unmedi-
cated participants also investigated emotional processing,
which might account for the overlap in results.
The role of the amygdala complex in emotional pro-

cessing is well-established. Emotional responses were
associated with activations of the amygdalae50,51, while
effective emotional regulation strategies reduce amygdala
reactivity52,53. Furthermore, anxiety disorders and mood
disorders23,54–58 are characterized by amygdala hyper-
reactivity, normalized by effective pharmacological and
psychological treatments59,60. Thus, our results support

the role of amygdala dysfunction as a transdiagnostic
mechanism, present in BPD, similarly to other disorders.
It was hypothesized that behavioral alterations in emo-
tional regulation and impulsivity in BPD rely on abnormal
amygdala activity or a dysfunctional interaction between
amygdala and prefrontal cortex, in line with findings on
studies for emotional processing61,62. As a consistent
finding in BPD and as marker of emotional dysfunction
on BPD, amygdala altered activity was proposed as a
potential predictor of treatment response as well as a
target for neurofeedback interventions63,64. Finally, the
development of new drug treatments has been hypothe-
sized and tested considering their known action over
amygdala activity65. A similar transdiagnostic role could
be attributed to ACC, though this region was less fre-
quently reported in prior studies. Activation in this region
has been reported while retrieving emotionally negative
life events66, during social exclusion67 and while proces-
sing negative emotions61,68 more generally. All these
processes are affected in BPD, as well as in other emo-
tional disorders.
Our findings partially confirm those of an earlier meta-

analysis by Schulze and colleagues16. Divergences may stem
from the fact the current meta-analysis included almost
twice as many studies, (34 vs. 19 for the emotional pro-
cessing sub-group) reflecting the large number of studies
published in the last 4 years. Other sources of discrepancy
include different inclusion criteria, meta-analytic approa-
ches (as Schulze and colleagues used Anisotropic Effect
Size Signed Differential Mapping69, which allows the
combination of coordinates and unthresholded maps) and
contrasts selected in the analysis.
Despite the considerably larger pool of studies, the

robustness of the emotional processing findings is limited.
Fail-Safe N analysis showed that as few as three additional
null studies would render the clusters in the ACC and in

Table 2 Sensitivity analysis for the primary analysis (convergence of difference) including studies on emotions (without
considering impulsivity and reward).

Contrast Hemisphere Region BA Center of mass Peak Peak ALE p value Volume (mm³)

x y z x y z

BPD > HC L Amygdala 29.9 2.1 −17.8 30 0 −20 0.023 784

R Amygdala −28 2.2 −17.4 −28 −4 −18 0.024 776

L MFG −11.7 26 32 −12 34 26 0.017 736

MFG −8 28 32 0.017

ACC −12 20 34 0.017

ACC −14 14 38 0.016

MFG −14 32 34 0.015

Results are cluster-wise corrected (uncorrected p value < 0.001, cluster-wise corrected p value < 0.05).
HC healthy controls, BPD Borderline Personality Disorders, MFG Middle Frontal Gyrus, ACC Anterior Cingulate Cortex.

Fig. 2 Sensitivity analysis for the primary analysis (convergence
of difference) including studies with Emotional task (without
studies on impulsivity) as stimuli for the BPD > HC meta-analysis.
Results are cluster-wise corrected (uncorrected p value < 0.001, cluster-
wise corrected p value < 0.05). R right side, ALE-p value activation
likelihood estimation probability.
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Table 3 Leave-one-out (LOO) analysis.

Contribution to clusters LOO No. of remaining clusters

R amy L amy ACC R amy L amy ACC

Frick, et al. 2012 x 0

Minzenberg, et al. 2007 x x x 1

Hazlett, et al. 2012 x x 1

Schnell, et al. 2007 (b) x x 1

Koenigsberg, et al. 2009 (a) x x x 2

Cullen, et al. 2016 x x x 2

Niedtfeld, et al. 2010 x x x 2

Herpertz, et al. 2017 x x x 2

Holtmann, et al. 2013 x x x 2

Gottlich, et al. 2020 x x x 2

Herpertz, et al. 2001 x x 2

Mier, et al. 2013 x x 2

Dudas, et al. 2017 x x 2

Schulze, et al. 2011 x x 2

Scherpiet, et al. 2014 x x 2

Schnell, et al. 2007 (a) x x 2

Wrege, et al. 2019 x x 2

Domsalla, et al. 2014 x x x 3

Peters, et al. 2018 x x x 3

Guitart-Masip, 2009 x x x 3

Koenigsberg, et al. 2009 (b) x x x 3

Kraus, et al. 2010 x x x 3

Winter, et al. 2015 x x x 3

Krause-Utz, et al. 2018 x x x 3

Koenigsberg, et al. 2014 x x x 3

Buchheim, et al., 2008 x x x 3

Beblo, et al. 2006 x x x 3

Brown, et al. 2017 x x x 3

Sosic-Vasic, et al. 2019 x x x 3

Malejko, et al. 2018(b) x x x 3

Lamers, et al. 2019 x x x 3

Bertsch, et al. 2019 x x x 3

Doell, et al. 2020 x x x 3

van Zutphen, et al. 2017 x x x 3

Total 28 27 23

The columns 2–4 indicates whether each article contributes directly to the cluster according to the gingerALE program; columns 5–7 indicates the effect of each
article removal on the results in the three significant clusters; column 8 indicates the number of clusters remaining after leave each article out.
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the left amygdala no longer significant. Conversely, for the
right amygdala, 33 studies with null findings would render
the result not statistically significant. The Fail-Safe N is a
proxy for potential publication bias (i.e., studies that were
conducted, but remained unpublished, “in the file-
drawer”, because of negative or null results). According to
the adaptation of this method for ALE meta-analysis25, for
findings to be robust to publication bias, at least twice the
number of included studies should be necessary to make
them non-significant. In the present report, additional
evidence for publication bias comes from the high num-
ber of studies that could not be included due to not
reporting significant findings or conducting only ROI
analyses. Thus, the hypothetical null studies suggested by
the Fail-Safe N might not even have to be searched in the
file-drawer, but already published. Solutions for clarifying
similar issues in the neuroimaging literature include
access to unthresholded maps, for example by posting
them in public repositories, so as to allow studies with
null or negative findings to be included in neuroimaging
meta-analyses. Likewise, pre-registration of ROI ana-
lyses49, by guaranteeing these analyses were not con-
tingent to non-significant whole-brain results, could
support their inclusion in meta-analyses. The results of
the leave-one-out analysis for the emotional processing
subgroup similarly point to limited robustness. The three
significant clusters were maintained in only 13 iterations,
but with the exclusion of a single study37, no results
remain significant. This suggests that findings are heavily
influenced by a few individual studies.
Finally, we failed to find convergence for the HC > BPD.

While this contrast was reported in only 24 experiments,
it is interesting to note that only four studies specifically
discussed the dysfunction of emotional processing. As
dysfunctions in emotional modulation are believed to be
caused by a lack of activation in the prefrontal cortex in
BPD, we speculate that a higher number of studies on
emotional regulation would result in significant HC >
BPD convergence.

Difference in convergence
The contrast HC > BPD resulted in a significant cluster

of difference of convergence in the right insula/IFG
complex. The activation of the inferior frontal gyrus has
been often described for tasks related to emotional reg-
ulation and modulation18, thus is not surprising how
control subjects showed a higher convergence in this
region as compared to BPD. This might be due to a
general lack of IFG activity in BPD or to a higher het-
erogeneity of brain activations in this group.

Convergence of difference or difference in convergence?
According to Muller and colleagues the difference

between the convergence of difference and difference in

convergence approaches are mirrored by the research
question one wants to answer26. The former aims at
identifying common difference between groups across the
experiments, whereas the latter focuses to the convergence
within the groups across the experiments and then to their
possible differences. We confirm that these two approaches
produce divergent findings, as previously shown70. Com-
parison of the two methods restricted to experiments
reporting the data required to run both resulted in a sig-
nificant cluster in the anterior cingulate for convergence of
difference, and another in the left insula for difference of
convergence, for the HC> BPD contrast, suggesting that
divergences between the two methods are not imputable to
different numbers of studies.
The discrepancy between the two approaches is prob-

ably rooted into the ALE meta-analysis method of taking
only coordinates of significant clusters. We proposed that
the convergence of differences method is more feasible for
contrasting groups, because it generally relies on a larger
number of studies and is usually more concordant with
findings from individual studies70. In our work, differ-
ences might also be related to the relatively poor
robustness of the primary analysis findings. For example,
Hazellet and colleagues8, a study that if excluded resulted
into two of the three significant clusters becoming non-
significant, did not provide single group results, so could
not be used for the difference in convergence analysis.
However, the two methods could also be viewed as

complementary. In a recent ALE meta-analysis on
depression the heterogeneity of the depressed patients
was proposed as a possible reason for the lack of sig-
nificant convergence71: the depressed groups of each
study might be too neurobiologically different among
each other thus the convergence of difference did not
produce consistent results. Specifically, while we found no
significant clusters with the difference of convergence
method, we did find clusters of convergence for both HC
and BPD with the convergence of difference method. This
suggests that despite task-related heterogeneity, a com-
mon pattern of activation within BPD patients can be
identified. We suggest that this result is a hint to the fact
that the heterogeneity of BPD population is similar to the
one of healthy controls although a more formalized and
quantitative approach to heterogeneity should be applied
(e.g.,72) to confirm this speculation.

Limitations
By design, ALE meta-analysis can only quantify con-

vergence probabilities and not magnitude of activations.
The method provides a probability of convergence, that is,
concordance of statistically significant foci across experi-
ments in terms of probability distributions centered at the
each set of focus coordinates24. Moreover, coordinate based
meta-analyses rely exclusively on coordinates for contrasts
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that reached statistical significance, as defined in each
individual study. Consequently, these methodologies
involve a significant loss information as compared to
aggregation of fMRI unthresholded maps73 and cannot take
into account publication bias25. Unfortunately, open shar-
ing of unthresholded maps remains limited74. Another
limitation is related to the considerable number of studies
that were excluded due to reporting only on ROI analyses
(N= 23). Though the ROI approach is widely employed in
neuroimaging studies, particularly in small sample studies,
it is associated with increased risk of false positives or
overestimation of effects49. Moreover, its use is discouraged
in coordinate based meta-analysis23,26. Unfortunately,
requests for whole-brain results are often not honored54.

Conclusion
A meta-analysis of neuroimaging studies identified a

consistent, albeit not robust, pattern of activation for
emotional processing. No other common pattern of
convergence of activation emerged, probably owing to the
high between-study heterogeneity, ranging from tasks,
populations and analytic approaches. Our findings mirror
those of another ALE meta-analysis on unipolar depres-
sion71. Though this meta-analysis included a large num-
ber of neuroimaging experiments (99), overall analyses
across cognitive and emotional processing experiments, as
well as subgroup analyses, revealed no consistent pattern
of convergence. As possible causes for the lack of sig-
nificant convergence of activation, the authors list differ-
ences among individual studies (such as the use of
uncorrected inference procedures, differences in experi-
mental design and contrasts, or heterogeneous clinical
populations) and meta-analytic approaches (such as dif-
ferent inclusion and exclusion criteria or too liberal sta-
tistical inference methods). Though we did report a
pattern of amygdala and ACC dysfunction in studies of
emotion processing, it was not robust to possible pub-
lication bias and single study effects. Amygdala dysfunc-
tion might represent a promising pathophysiological
mechanism, as a well target for novel therapeutic strate-
gies63–65, though, conversely, it might also indicate a
transdiagnostic marker of difficulties in emotional pro-
cessing and regulation. Further studies may disentangle
this aspect particularly evaluating emotional regulation
difficulties both in BPD and across psychopathological
domains with a single paradigm. Network analyses have
shown how difficulties in emotional regulation are the
most relevant core feature of BPD17, applying the same
approach to neuroimaging data across psychiatric dis-
orders may help to clarify the specificity of the present
findings. Perhaps more importantly than conducting new
studies, public sharing of unthresholded maps75 from
already conducted ones would represent a great advance
in the understanding of the neurobiology of BPD.
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