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Abstract

Objective: Frontolimbic dysfunction is observed in borderline personality disorder (BPD), with responses to emotional stimuli that are
exaggerated in the amygdala and impaired in the anterior cingulate cortex (ACC). This pattern of altered function is consistent with
animal models of stress responses and depression, where hypertrophic changes in the amygdala and atrophic changes in the ACC are
observed. We tested the hypothesis that BPD patients exhibit gross structural changes that parallel the respective increases in amygdala
activation and impairment of rostral/subgenual ACC activation.
Methods: Twelve unmedicated outpatients with BPD by DSM-IV and 12 normal control (NC) subjects underwent a high-resolution
T1-weighted structural MRI scan. Relative gray matter concentration (GMC) in spatially-normalized images was evaluated by standard
voxel-based morphometry, with voxel-wise subject group comparisons by t test constrained to amygdala and rostral/subgenual ACC.
Results: The BPD group was significantly higher than NC in GMC in the amygdala. In contrast, the BPD group showed significantly
lower GMC than the NC group in left rostral/subgenual ACC.
Conclusions: This sample of BPD patients exhibits gross structural changes in gray matter in cortical and subcortical limbic regions that
parallel the regional distribution of altered functional activation to emotional stimuli among these same subjects. While the histological
basis for GMC changes in adult clinical populations is poorly-known at present, the observed pattern is consistent with the direction of
change, in animal models of anxiety and depression, of neuronal number and/or morphological complexity in both the amygdala (where
it is increased) and ACC (where it is decreased).
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Borderline personality disorder is a serious, chronic dis-
order characterized by disturbances of impulse control,
affect and interpersonal relationships. The neurobiological
basis of the last two symptom domains remains poorly-
characterized. However, emerging evidence from func-
tional neuroimaging studies suggests that these symptoms
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are related to dysfunction of fronto-limbic circuits (Posner
et al., 2003). Among subcortical limbic structures, the
amygdala mediates the most extensive range of social and
emotional processes (LeDoux, 2000; Davidson, 2002).
Accordingly, BPD patients exhibit exaggerated amygdala
responses to social and emotional stimuli (Donegan
et al., 2003; Herpertz et al., 2001; Minzenberg et al.,
2007). Among frontal cortical areas in BPD, the anterior
cingulate cortex (ACC) shows impaired in vivo serotonin
synthesis capacity (Leyton et al., 2001), impaired seroto-
nergic modulation of metabolic activity (Siever et al.,
1999; New et al., 2002), and greater deactivation in
response to scripts eliciting memories of interpersonal
abandonment (Schmahl et al., 2003a). ACC dysfunction
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in turn may be related to both emotion dysfunction and
impaired cognitive control observed in BPD (Posner
et al., 2002; Minzenberg et al., in press). Evidence for these
reciprocal changes has been found in post-traumatic stress
disorder (PTSD) (Shin et al., 2004), depression (Mayberg
et al., 1999) and substance abuse (London et al., 2004),
which are disorders related to BPD. We have also found
elevated amygdala activation, and impaired modulation
of task-related ACC deactivation in response to facial emo-
tion, measured by functional MRI (Minzenberg et al.,
2007).

One crucial issue that remains largely unaddressed in the
study of frontolimbic dysfunction in BPD is the relation-
ship between altered function and altered structure of these
implicated regions. A variety of rodent models of stress and
affective disorders have suggested a morphological basis
for the functional alterations found in BPD and related dis-
orders (see Radley and Morrison, 2005 for review). For
example, chronic immobilization stress is associated with
hypertrophic neuronal changes in the basolateral nucleus
of the amygdala, including enhanced dendritic arborization
(Vyas et al., 2002) and spine density, which parallels the
emergence of anxiety-like behavior (Mitra et al., 2005).
The dendritic changes may persist after a stress-free period
(Vyas et al., 2004). Increased neuronal density in the lateral
nucleus of the amygdala is found in adult rats subject to
prenatal stress (Salm et al., 2004), and enhanced amygdala
neurogenesis may be found in adult rats subject to either
social stressors (Fowler et al., 2002) or bilateral olfactory
bulbectomy (an established model of depression) (Keilhoff
et al., 2006). In contrast, in the ACC and adjacent medial
PFC, consistent atrophic changes are found in response
to stressors. After restraint stress, decreased length and
branching of apical dendrites are observed in layer II/III
pyramidal cells in ACC and medial PFC (Radley et al.,
2004, 2006; Brown et al., 2005; Cook and Wellman,
2004), which may be reversible (Radley et al., 2006). Apical
dendritic reorganization of these neurons also occurs in
response to chronic exogenous corticosterone administra-
tion (Wellman, 2001). Decreased spine density is also
observed in layer II/II pyramidal cells of medial PFC after
restraint stress (Radley et al., 2006), daily injections (Seib
and Wellman, 2003) and social isolation (Silva-Gomez
et al., 2003). This literature indicates that a variety of mod-
els of anxiety and depression are associated with changes in
neuronal number and morphological complexity, which
may be variably persistent. These changes can reasonably
be expected to have effects, in predictable directions, on
measures of both gross structure and function of these
respective brain regions in adults who suffer from these
symptoms.

Thus far, the findings of volumetric neuroimaging stud-
ies of adult populations with these disorders remains var-
ied. Several groups have reported increased amygdala
volumes among patients with bipolar affective disorder, rel-
ative to healthy control subjects (Altshuler et al., 1998,
2000; Strakowski et al., 1999; Brambilla et al., 2003). Bipo-
lar affective disorder shares many clinical features with
BPD, including affective instability, impulsivity and inter-
personal disturbances, and may be overrepresented in
BPD patients as a comorbid condition (Smith et al.,
2004; Magill, 2004). Increases in amygdala volume have
also been found in patients experiencing a first episode of
major depression, in comparison to both healthy controls
(Frodl et al., 2002) and patients with recurrent major
depression (Frodl et al., 2003), and in temporal lobe epi-
lepsy patients with comorbid depression (Tebartz van Elst
et al., 2000) or dysthymia (Tebartz van Elst et al., 1999),
relative to both epilepsy patients without comorbid mood
disorders and healthy controls. However, other studies
have found no change or reduced volume of the amygdala
in major depression and anxiety disorders such as PTSD
(reviewed in Anand and Shekhar (2003), Sheline (2000)).
In BPD, some studies have found no change in amygdala
volume (Brambilla et al., 2004) while others have found
reduced volume (Tebartz van Elst et al., 2003; Rusch
et al., 2003; Driessen et al., 2000; Schmahl et al., 2003b).
Among these latter studies, one excluded parts of the cen-
tromedian nucleus of the amygdala from the analysis
(Tebartz van Elst et al., 2003), one employed a comparison
group with a high incidence of mood, anxiety or substance
use disorders (Schmahl et al., 2003b), and one reported ste-
reotactic coordinates for a maximal gray matter volume
difference (with voxel-based morphometry) that appears
to be clearly posterior to the amygdala proper (and into
the hippocampus), by either the MNI coordinate system
or using the Brett-transform to Talairach space (Rusch
et al., 2003). Therefore, it remains uncertain whether
patients with BPD exhibit changes in amygdala volume rel-
ative to healthy control subjects. In contrast, ACC volume
appears to be decreased in BPD, in both studies in which it
has been examined (Tebartz van Elst et al., 2003; Hazlett
et al., 2005), as it is in bipolar affective disorder (Lochhead
et al., 2004; Lyoo et al., 2004; Sassi et al., 2004).

1.1. The present study

The literature addressing animal models of mood and
anxiety disorders therefore suggests a morphological basis
for functional changes in BPD, and there is some support-
ive evidence from volumetric studies of adults with mood
disorders as well. Given the findings previously reported
in the present study sample, of increases in amygdala acti-
vation and decreases in ACC activation to expressions of
fear, we set out to test whether these functional changes
are accompanied by underlying structural changes in these
same brain regions. We employed voxel-based morphome-
try (VBM) in order to test this hypothesis. VBM offers
several advantages in this regard. It is an unbiased, fully-
automated procedure that involves the registration of each
subject’s brain into a standard stereotactic space, to
account for global variation in size and shape of individual
brains, followed by the segmentation of gray matter from
white matter and cerebrospinal fluid (Mechelli et al.,
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2005; Ashburner and Friston, 2000). The lack of investiga-
tor bias is particularly important for measuring the amyg-
dala, which is notoriously difficult to distinguish from
adjacent structures in MRI images, with great variation
in the criteria that are employed to define it as a result (Bri-
erley et al., 2002). The pre-processing of images in VBM
also facilitates the pooling of subjects for between-group
comparisons, and facilitates the simultaneous assessment
of multiple brain regions. We utilized the ‘‘standard’’
VBM procedure (Mechelli et al., 2005) to obtain measures
of gray matter concentration (GMC). We chose to test
GMC changes as they may be expected to have a closer
relationship to the neuronal morphological changes dem-
onstrated in the animal models (see above).We hypothe-
sized that BPD patients would exhibit GMC that is
increased in the amygdala and decreased in the ACC, rela-
tive to the healthy control group.

2. Methods

2.1. Subjects and clinical measures

This study was designed and carried out in accordance
with the Declaration of Helsinki, and approved by the
Mount Sinai School of Medicine Institutional Review
Board, and all subjects underwent informed consent prior
to participation in study procedures. The borderline per-
sonality disorder group (BPD) and Normal Control (NC)
group were each comprised of 12 adults recruited from
the community. The BPD group was not significantly dif-
ferent from the NC group in age (30.3 ± 8 versus
30.7 ± 10 years; p = .9), sex (7 male, 5 female, versus 6
male, 6 female) and race (White, Black, Latino, Asian,
Mixed race: 3,1,4,3,1 versus 3,5,2,2,0; v2 = 4.53, df = 4,
p = .34). All subjects were free of significant medical illness,
including history of head injury or other neurological ill-
ness. BPD subjects were excluded if they had lifetime co-
morbid diagnoses of a primary psychotic disorder, bipolar
affective disorder type I, or substance dependence. No sub-
jects met a substance abuse diagnosis within 6 months of
study and all had a negative urine drug screen prior to their
scan. No BPD subjects were in active treatment with psy-
chiatric medication at study; seven had no lifetime history
of psychiatric medication exposure and the remaining five
had discontinued medication for a period of 4 months to
10 years. All subjects underwent diagnostic assessment
with the Structured Interview for DSM-IV Personality Dis-
orders (SIDP) (Pfohl et al., 1989), and the Structured Clin-
ical Interview for DSM-IV Axis I (SCID-I) (First et al.,
1995), with a masters or doctoral-level SCID-trained diag-
nostician. Consensus diagnoses were arrived at with the
assistance of an expert diagnostician. Concurrent comorbid
psychiatric diagnoses in the BPD group included the fol-
lowing: obsessive-compulsive disorder (n = 1), post-trau-
matic stress disorder (n = 1), panic disorder (n = 1),
intermittent explosive disorder (n = 6); and among comor-
bid personality disorder diagnoses, paranoid (n = 6),
schizotypal (n = 1), antisocial (n = 1), narcissistic (n = 5),
histrionic (n = 1), avoidant (n = 4).

2.2. Magnetic resonance imaging

Subjects underwent MRI scanning in the following pro-
tocol. Structural MRI was acquired using a Siemens Alleg-
ra scanner with a T1-weighted Magnetization Prepared
Rapid Gradient Echo (MP-RAGE) sequence, with contig-
uous axial slices of 0.82 mm · 0.82 mm with 256 · 256 data
matrix over a field of view of 210 mm, TR = 2500 ms,
TE = 4.38 ms, flip angle = 8�. Slices (208) were acquired
with a thickness of 0.82 mm each, with a zero gap to cover
a full head.

2.3. Image pre-processing and inferential testing

We employed a standard VBM procedure, to obtain
measures of gray matter concentration (GMC). All pre-
processing and inferential testing was carried out using
SPM2 (Wellcome Department of Imaging Neuroscience,
University College, London). First, individual images were
normalized, that is, registered to a standard MNI template
brain available in the SPM2 library in a two-step process.
The optimum 12-parameter affine transformation mapping
individual MRI images to the template was determined,
then global nonlinear shape differences were modeled by
a linear combination of smooth spatial basis functions.
The spatially normalized images were then segmented into
gray matter, white matter and cerebrospinal fluid, with a
correction for image intensity non-uniformity, and spa-
tially smoothed with an 8 mm kernel. Voxel-wise two-sam-
ple t tests were conducted to test the hypotheses of group
differences in GMC, with the threshold for statistical signif-
icance set at p < .05 and 8 contiguous voxels (resampled to
a voxel size of 2 · 2 · 2 mm), and MarsBaR anatomic
regions-of-interest (ROIs) used for small volume correction
for multiple comparisons. These ROIs included bilateral
amygdala and rostral/subgenual ACC, which are anatomic
ROIs derived from the MNI single-subject template (Tzou-
rio-Mazoyer et al., 2002) and implemented in SPM2. In
this library of ROIs, the ACC is distinguished from a
‘‘Mid Cingulum’’ ROI, and is primarily comprised of the
rostral and subgenual extent of the ACC, both anterior
and inferior to the genu of the corpus callosum. Test statis-
tics are subsequently depicted as statistical probability
maps, with whole-brain maps represented by voxel-wise
color-coded t-statistics.

3. Results

The BPD group exhibited a significant increase in GMC
in the bilateral amygdala (Table 1 and Fig. 1). The size,
spatial location and peak magnitude of the between-group
differences were remarkably similar between each amyg-
dala bilaterally. These were largely centered in the dorso-
ventral and medio-lateral dimensions of the amygdala.



Table 1
Maxima for comparison of borderline personality disorder group versus healthy control group on gray matter concentration

Region BA MNI coordinates Voxels Z P

x y z

BPD > control
Right amygdala 26 0 �20 60 2.83 .002
Left amygdala �24 �2 �20 54 2.72 .003

Control > BPD
Left subgenual anterior 24/32 �4 22 �8 41 2.71 .003
Cingulate gyrus 24/32 �10 28 �8 2.44 .007

Fig. 1. Statistical parametric map of relative increase in gray matter
concentration in bilateral amygdala in BPD group compared to control
group. Colored areas represent significant between-group differences in
signal intensity of gray matter (expressed as color-coded t-statistics),
overlaid on MNI single-subject template. Colored areas represent regions
where BPD group has significantly increased gray matter concentration
(e.g. bilateral amygdala). See text for details of image analysis. Image
orientation according to neurological convention (e.g. right hemisphere to
the right).

Fig. 2. Statistical parametric map of relative decrease in gray matter
concentration in subgenual anterior cingulate cortex in BPD group
compared to control group. Colored area represents significant between-
group differences in signal intensity of gray matter concentration
(expressed as color-coded t-statistic), overlaid on MNI single-subject
template. Colored area in frontal cortex represents region where BPD
group has significantly decreased gray matter concentration (subgenual
ACC). See text for details of image analysis.
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In contrast, the BPD group exhibited a significant
decrease in GMC in the left rostral/subgenual ACC (Table
1 and Fig. 2). This area has previously shown altered
hemodynamic activation to facial emotion in the BPD
group (Minzenberg et al., 2007).

4. Discussion

In the present study, we tested group differences in gray
matter concentration between a sample of unmedicated
outpatients with BPD and a group of healthy control sub-
jects. We hypothesized that the BPD group would exhibit
regional GMC changes that parallel the topographic distri-
bution of changes in functional activation to emotional
stimuli in these same subjects. In particular, we predicted
that the BPD group would show GMC that is increased
in the amygdala and decreased in the ACC, pursuant to
the literature on regional neuronal morphological changes
in animal models of anxiety and depression, and current
models of frontolimbic dysfunction in the processing of
social and emotional stimuli among patients with BPD
and related disorders. The present results support this
model of BPD pathophysiology, and are consistent with
a putative basis in altered number and/or morphology of
neurons found in these brain regions.

This study is the first of its kind to evaluate structural
brain changes in a sample of BPD patients who have also
performed a functional imaging paradigm of social/emo-
tional information processing. These structural changes
are consistent with models of frontolimbic dysfunction in
BPD, which postulate that exaggerated amygdala activity
and impaired ACC activity occur to give rise to symptoms
of affective instability and interpersonal disturbance. The
present results suggest that, where altered activity is found
in functional neuroimaging studies of clinical populations
such as BPD patients, this may arise from changes in the
underlying structure of regional masses of gray matter.
While the histological basis for GMC changes in adult clin-
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ical populations is poorly-known at present, the observed
pattern is consistent with the direction of change, in animal
models of anxiety and depression, of neuronal number and/
or morphological complexity in both the amygdala, where it
is increased (Vyas et al., 2002, 2004; Fowler et al., 2002;
Salm et al., 2004; Mitra et al., 2005; Keilhoff et al., 2006)
and ACC, where it is decreased (Radley et al., 2004, 2006;
Brown et al., 2005; Cook and Wellman, 2004; Seib and
Wellman, 2003; Silva-Gomez et al., 2003). The increased
amygdala gray matter (compared to control subjects) is
likely to be related to patterns of relatively increased func-
tional activation in a straightforward manner, as the BOLD
signal appears to be most closely related to local field poten-
tials, which arise primarily from dendritic membrane poten-
tials in a local region (Logothetis and Wandell, 2004). In
contrast, the phenomenon of task-related deactivation,
which was previously tested in our study of subgenual
ACC response to facial emotion in these subjects, remains
uncharacterized at the local circuit or cellular level, though
it has been proposed to have a basis in local neuronal inhi-
bition (Nair, 2005). In our earlier study, the healthy con-
trols showed a deactivation in the subgenual ACC in
response to neutral faces, which was positively modulated
in response to fearful expressions, that is, the ACC deacti-
vation was attenuated by emotional expressions. In con-
trast, the BPD patients in that study exhibited a tendency
toward further deactivation in response to the emotional
content of facial expressions (Minzenberg et al., 2007). This
suggests that in the subgenual ACC, the modulation of local
inhibition that supports ongoing task processing is impaired
in BPD. This may be related in some unidentified manner to
the impaired serotonergic function found in the ACC in
studies of in vivo serotonin activity among BPD patients
(Leyton et al., 2001; Siever et al., 1999; New et al., 2002).
This hypothesis can be tested in the future with the use of
serotonergic agents during the evaluation of task-related
deactivation by fMRI.

Limitations of this study include the modest sample size.
While we found support for our hypotheses, the reliability
of these findings would inevitably be enhanced with a lar-
ger sample size. Nevertheless, our results resolve well with
the predictions from various empirical literatures, includ-
ing the models of the functional neuroanatomy of BPD
symptomatology, volumetric and functional neuroimaging
studies of related disorders, and studies of regional mor-
phological changes in animal models of anxiety and depres-
sion. Furthermore, we undertook this analysis in order to
provide a unique report on the identical sample that per-
formed a functional MRI paradigm of social/emotional
processing, in order to compare functional and structural
changes in these patients.

5. Conclusion

BPD is characterized by disturbances in frontolimbic
activity, with evidence for reciprocal changes in amygdala
and rostral/subgenual ACC. The structural basis for these
changes may reside in altered gray matter in these regions,
with animal models of early stress and depression suggest-
ing hypertrophic and atrophic changes in neurons in the
amygdala and ACC, respectively. Future investigations
may benefit from directly addressing the hypothesized his-
topathology underlying these neuroimaging findings, and
clarifying the structural and functional neural signatures
that establish overlapping versus distinct expressions of
phenomenology in these and related clinical populations.
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