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Abstract

Neuroimaging has become one of the most important methods in the investigation of the neurobiological underpinnings of bor-
derline personality disorder. Structural and functional imaging studies have revealed dysfunction in different brain regions which
seem to contribute to borderline symptomatology. This review presents relevant studies using different methodologies: volumetry
of limbic and prefrontal regions, investigations of brain metabolism under resting conditions, studies of serotonergic neurotransmis-
sion, and challenge studies using emotional, stressful, and sensory stimuli. Dysfunction in a frontolimbic network is suggested to
mediate much, if not all of the borderline symptomatology.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The past few years have seen a rapidly growing body
of research in the field of neurobiological correlates of
borderline personality disorder (BPD) (Lieb et al.,
2004; Schmahl et al., 2002; Skodol et al., 2002). In addi-
tion to research on the genetic basis of the disorder
(Jang et al., 1996; Torgersen et al., 2000), psychophar-
macological treatment (Soloff, 2000), and neuroendocri-
nology (Rinne et al., 2002), progress in neuroimaging
has been fruitful in the elucidation of the underlying
neurobiology of this severe and chronic disorder.

Affective dysregulation has been suggested to repre-
sent the core of borderline symptomatology and to
underlie most if not all of the characteristic features of
the disorder, such as instable self image, disturbed inter-
personal relationships, and self-injurious behavior. Ani-
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mal studies as well as investigations in healthy human
subjects suggest that limbic as well as prefrontal regions
play a decisive role in emotion regulation (Davidson and
Irwin, 1999). Thus, it can be hypothesized that fronto-
limbic dysfunction underlies affective dysregulation as
well as other closely connected symptoms of BPD. Con-
sequently, structural as well as functional neuroimaging
investigations have focussed on alterations in these brain
regions.

This review on neuroimaging in BPD is arranged
according to the different imaging methods used. It will
start with studies using volumetrics and spectroscopy of
different brain regions, such as hippocampus, amygdala,
and prefrontal regions. An overview of functional neu-
roimaging will begin with studies of brain metabolism
under resting conditions using FDG-PET. Imaging of
the serotonergic neurotransmission system using seroto-
nergic agents will then be reviewed, followed by chal-
lenge studies that investigate reactivity of brain areas
to stimuli such as emotional pictures, stressful memo-
ries, or sensory challenges with the aid of PET or
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functional MRI. Finally, conclusions from the literature
reviewed will be drawn and an outlook on future studies
will be given.
2. Volumetrics and spectroscopy

Neuroimaging research in the field of BPD began in
the early 1980s with the use of computed tomography
(CT). Similar to research on brain alterations in schizo-
phrenic patients, whole brain volumes and ventricle sizes
were investigated. In contrast to findings in schizophre-
nia, studies in BPD did not show ventricular enlarge-
ment (Schulz et al., 1983; Snyder et al., 1983), or
changes in ventricle–brain ratio (Lucas et al., 1989) in
patients with BPD. With the advent of Magnetic Reso-
nance Imaging, Lyoo reported a marginally significant
reduction of overall frontal lobe volumes in BPD (Lyoo,
1998), although this finding has been criticized for tech-
nical reasons such as low spatial resolution and lack of
correction for head tilt.

BPD has been suggested to be part of a trauma-
related psychiatric spectrum of psychiatric disorders
(Bremner, 2002), with posttraumatic stress disorder
(PTSD) as the core of the spectrum, but also including
BPD, depression and dissociative disorders. A major
neurobiological finding of the last decade is a reduction
in hippocampal volume as assessed by MR-based
volumetry in combat-related (Bremner et al., 1995; Gilb-
ertson et al., 2002; Gurvits et al., 1996) as well as abuse-
related PTSD (Bremner et al., 1997; Bremner et al.,
2003; Stein et al., 1997). There is an ongoing debate as
to whether this volume reduction is due to an elevated
activity of stress-associated neurobiological systems,
such as the HPA axis or is genetically determined (Gilb-
ertson et al., 2002). In contrast to the finding of reduced
hippocampal volume, all published studies investigating
amygdala volumes in patients with PTSD did not find
any significant amygdala volume difference compared
to controls (Bonne et al., 2001; Bremner et al., 1997;
De Bellis et al., 1999; Gilbertson et al., 2002; Gurvits
et al., 1996).

The first investigation of MRI-based volume of hip-
pocampus and amygdala (Driessen et al., 2000) found
16% smaller volumes of the hippocampus and 8% smal-
ler volumes of the amygdala in women with BPD com-
pared to healthy controls. Tebartz van Elst et al. (2003)
found an even more pronounced volume difference be-
tween patients with BPD and controls with 20.5% smal-
ler hippocampal and 24% smaller amygdala volume. In
addition, they found a highly significant volume-reduc-
tion of the left orbitofrontal cortex and of the right ante-
rior cingulate cortex. Our own investigation revealed a
reduction of 13% for hippocampus and 21% for amyg-
dala (Schmahl et al., 2003a). A fourth study (Brambilla
et al., 2004) also found volume reduction of hippocam-
pus and amygdala, however these reductions did not
reach significance. The authors also explored structural
brain changes in BPD in relation to childhood abuse.
Compared to 20 healthy controls, the ten unmedicated
(abuse: n = 6, no abuse: n = 4) BPD patients, male
and female, had significantly smaller right and left hip-
pocampal volumes and significantly increased right
and left putamen volumes. There were still significant
differences in hippocampal volume when BPD patients
with history of childhood abuse were compared to
healthy controls. This significance disappeared when
comparing healthy controls to BPD patients without
childhood abuse. No significant differences between
groups were found for caudate, amygdala, temporal
lobes, dorsolateral prefrontal cortex and total brain vol-
umes. The authors conclude that early traumatic experi-
ences may play a role in hippocampal atrophy.

Taken together, these findings suggest that, in con-
trast to PTSD, not only hippocampus but also amygdala
volumes seem to be reduced in patients with BPD. In a
study using voxel-based morphometry, grey matter vol-
ume loss was found in the left amygdala without differ-
ences in grey or white matter volume or density
anywhere else in the brain (Ruesch et al., 2003).

A different approach to assess neuronal dysfunction
is Magnetic Resonance Spectroscopy, which measures
concentration of neurochemical metabolites such as N-
acetylaspartate (NAA), choline, or lactate in specified
brain regions. Tebartz van Elst et al. (2001) found a sig-
nificant 19% reduction of NAA concentration in the
dorsolateral prefrontal cortex in patients with BPD
compared to controls, suggesting neuropathology in this
area of the brain. More studies are needed in this area to
draw definite conclusions about disturbed brain metab-
olism in BPD.
3. Brain metabolism under resting conditions assessed
with FDG-PET

[18F]Deoxyglucose positron emission tomography
(FDG-PET) can be used to assess baseline brain metab-
olism under resting conditions. The first study using
FDG-PET in BPD was conducted by Goyer and
coworkers (1994). Their investigation comprised 17 pa-
tients with DSM III-R personality disorders, six of
which (four women and two men) were clinically diag-
nosed with BPD. However, the average score on the
diagnostic interview for borderlines (DIB; Zanarini
et al., 1989) in the BPD group was only 3.7, which is
only about half of the usual cut-off score of 7. Thus,
the results have to be interpreted with caution. In the
group of six BPD patients, the authors found decreased
metabolism in upper bilateral prefrontal cortex as well
as increased metabolism in lower left and right prefron-
tal areas. Since the spatial resolution of the analysis is
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low and no Brodmann areas are presented, it appears
difficult to specify which parts of prefrontal cortex are
dysfunctional, e.g. if the regions shown to have elevated
and decreased metabolism comprise parts of anterior
cingulate cortex (ACC). A second functional brain
imaging study employing FDG-PET was conducted in
a series of 10 patients (eight women and two men) with
BPD and a DIB score of 7 or higher (De la Fuente et al.,
1997). This investigation revealed decreased metabolism
in premotor areas and dorsolateral prefrontal cortex,
parts of the ACC (BA 25), as well as thalamic, caudate
and lenticular nuclei, in BPD patients as compared to
controls. Soloff et al. (2003), in a series of 13 impulsive
BPD subjects, found decreased metabolism only in the
medial orbital frontal cortex bilaterally (BA 9, 10 and
11).

We studied brain metabolism at baseline in 12 med-
ication-free female patients with BPD without current
substance abuse or major depression and 12 healthy fe-
male controls by FDG-PET and statistical parametric
mapping (Juengling et al., 2003). This study revealed
glucose metabolism to be significantly increased in pa-
tients with BPD compared to controls in the anterior
cingulate, the superior frontal gyrus bilaterally, the
right inferior frontal gyrus and the opercular part of
the right precentral gyrus. Decreased metabolism was
found in the left cuneus as well as in the left hippocam-
pus. We could not replicate the findings of De la
Fuente and Soloff who found prefrontal hypometabo-
lism. Divergent findings may be due to differences in
gender homogeneity as well as the inclusion of different
subtypes of BPD (impulsive versus anxious borderline
patients).
4. Imaging of the serotonergic system

Impulsive aggression is part of the BPD phenotype
and yet little is known about its neurobiology. Reduced
serotonergic activity has been associated with impulsive
aggression in metabolite and pharmacologic challenge
studies, e.g. hormone responses to fenfluramine that in-
creases serotonergic activity were shown to be abnormal
in personality disordered patients with impulsive aggres-
sion (Coccaro et al., 1989). However, the neuroanatomi-
cal locus of this serotonergic dysfunction is still unclear.
Preclinical and human studies suggest that the orbital
frontal cortex and anterior cingulate cortex play an
inhibitory role in the regulation of aggression. FDG-
PET in conjunction with serotonergic agents such as
fenfluramine or meta-chlorophenylpiperazine (m-CPP)
can be used to assess the function of the serotonergic
system and localize brain areas of serotonergic
dysfunction.

In a study using fenfluramine challenge and FDG-
PET, Siever et al. (1999) investigated six outpatients
(four males and two females) meeting criteria for Impul-
sive Aggressive Disorder, four of whom also met criteria
for BPD. Impulsive-aggressive patients showed signifi-
cantly less activity after fenfluramine as compared to
placebo in the ventral medial frontal region, right mid-
dle and left upper cingulate gyrus, left lateral orbital
and right dorsolateral prefrontal cortex. Blunted meta-
bolic response in these regions to fenfluramine, which
enhances serotonergic activity by direct release of sero-
tonin, antagonism of serotonergic reuptake, and possi-
bly direct receptor effects (Coccaro et al., 1996), may
be related to reduced serotonergic modulation of inhib-
itory regions important in controlling impulsive aggres-
sion. These findings were replicated in a study of five
patients with BPD and eight healthy controls (Soloff
et al., 2000), which found reduced metabolism in re-
sponse to fenfluramine as compared to placebo in right
medial and orbital prefrontal cortex, left middle and
superior temporal gyri, left parietal lobe, and left cau-
date body. This investigation also revealed baseline dif-
ferences following placebo in large areas of the
prefrontal cortex, namely reduced metabolism in right
anterior frontal lobe, Brodmann areas 10 and 11 bilater-
ally, and right insula in BPD patients as compared to
controls.

Using positron emission tomography in response to
meta-chlorophenylpiperazine m-CPP), which acts as an
agonist at serotonin receptors, New et al. (2002) investi-
gated 12 personality disordered subjects (seven men and
five women) with impulsive aggression, eight of whom
had BPD, and 12 normal controls. Unlike normal sub-
jects, patients with impulsive aggression did not show
activation specifically in the left anteromedial orbital
cortex in response to m-CPP. The anterior cingulate,
normally activated by m-CPP, was deactivated in pa-
tients; in contrast, the posterior cingulate gyrus was acti-
vated in patients and deactivated in controls. In this
study, no baseline differences in response to placebo
were found. In a second study of this group, 27 male
and female patients with BPD and 23 controls were
investigated (New et al., 2003). At baseline, BPD men
with physical aggression had less activity across the
frontal cortex and cingulate gyrus as compared to
BPD men with verbal aggression and controls. Verbally
and physically aggressive BPD men had decreased activ-
ity specifically. Following m-CPP challenge, BPD men,
but not women, revealed reduced activity across the
frontal cortex as well as left cingulate gyrus, as com-
pared to controls. Recently, a normalization of prefron-
tal cortex dysfunction by SSRI treatment (Fluoxetine
20 mg/day) could be shown in impulsive-aggressive
BPD patients (New et al., 2004). Overall, pharmacologic
challenge studies with fenfluramine and m-CPP revealed
serotonergic dysfunction in prefrontal cortex as well as
ACC; however, there seem to be important differences
between male and female impulsive-aggressive BPD
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patients with men showing reduced prefrontal activity as
a possible correlate of aggression.

Another method to assess serotonergic function in
specific areas of the brain, is to use PET with the 5-
HT precursor analogue a-[(11)C]methyl-L-tryptophan
(a-[(11)C]MTrp). a-MTrp is taken up by 5-HT neurons,
where it is trapped in the 5-HT synthesis precursor pool.
The rate of trapping provides an index of 5-HT synthesis
capacity (Chugani and Muzik, 2000). Leyton et al.
(2001) measured brain regional a-[(11)C]MTrp trapping
with positron emission tomography in 13 medication-
free subjects with BPD (eight women and five men)
and eleven healthy comparison subjects. Impulsivity
was assessed by using a laboratory measure of behav-
ioral disinhibition, go/no-go commission errors. Com-
pared to healthy men, men with borderline personality
disorder had significantly lower a-[(11)C]MTrp trapping
in corticostriatal sites, including the medial frontal
gyrus, anterior cingulate gyrus, superior temporal gyrus,
and corpus striatum. In women with borderline person-
ality disorder, significantly lower a-[(11)C]MTrp trap-
ping was seen in fewer regions, but in both men and
women negative correlations with impulsivity scores
were identified in the medial frontal gyrus, anterior cin-
gulate gyrus, temporal gyrus, and striatum. It can be
concluded that low 5-HT synthesis capacity in cortico-
striatal pathways may contribute to the development
of impulsive behaviors in persons with borderline per-
sonality disorder. However, it should be pointed out
that serotonin is not the only neurotransmitter thought
to be involved in BPD. Disturbances in other neuro-
chemical systems (e.g., the opioid and the HPA axis sys-
tem) may underlie parts of the BPD symptomatology
besides impulsivity (Skodol et al., 2002). Neuroimaging
studies using tracers and/or challenges from these sys-
tems will be valuable for a better understanding of the
roles these systems play in BPD.
5. Functional imaging studies with emotional, stressful,

and sensory challenges

BPD was suggested to be part of a spectrum of stress-
associated disorders together with PTSD, depression
and dissociative disorders (Bremner, 2002) and reactiv-
ity to stress and stressful reminders appear to underlie
affective dysregulation characteristic of patients with
BPD. One method to test this reactivity is to expose sub-
jects to emotional challenges or to stressful memories.
Challenge studies are using either standardized materials
such as emotional slides, or personalized material such
as autobiographical scripts, e.g., depicting traumatic
experiences. Imaging studies in conjunction with sensory
challenges, such as exposure to painful heat stimuli, can
reveal insight into neural processing of sensory stimuli.
Disturbed pain processing is a characteristic feature of
BPD probably underlying self-injurious behavior in this
population and neuroimaging techniques can be used to
localize this disturbance neuroanatomically.

Using standardized emotional slides which are sup-
posed to evoke emotional responses, FMRI investiga-
tions in healthy subjects found activation of the
amygdala region, (Irwin et al., 1996; Morris et al.,
1998), anterior cingulate cortex as well as ventromedial
prefrontal cortex areas (Mayberg et al., 1999; Teasdale
et al., 1999). PET studies revealed neural correlates of
different emotional states, such as grief, shame, guilt,
and anger, using scripts specific for each emotion
(Dougherty et al., 1999; George et al., 1995; Shin
et al., 2000). For example, during the imagination of sit-
uations associated with anger, alterations of prefrontal
blood flow with increased activity in ACC were found
(Dougherty et al., 1999; Kimbrell et al., 1999). Using
standardized negative emotional material from the
International Affective Picture System (IAPS) Herpertz
et al. (2001) found increased activity in the amygdala
of six patients with BPD without comorbid psychiatric
disorders compared to controls. In a larger sample of
12 BPD patients with comorbid anxiety and depressive
disorders, these findings could be replicated (Herpertz,
personal communication).

Another method of emotional challenge consists of
presenting standardized pictures of faces which express
a specific emotion such as anger, fear, or sadness (Ek-
man, 1993). Donegan et al. (2003) used this paradigm
to investigate BPD patients with and without PTSD
and controls. They found different effects for the two
BPD groups: For BPD patients with PTSD left-lateral-
ized amygdala hyper-reactivity was found, whereas
those BPD patients without PTSD showed bilateral
amygdala hyper-reactivity. In the cingulate cortex,
these investigators found deactivation in response to
fearful faces for patients with BPD and comorbid
PTSD but not for those BPD patients without PTSD.
In frontal polar prefrontal cortex (BA 10), they found
an opposite pattern of deactivation for BPD patients
without but not for those with PTSD. These findings
are consistent with findings of left-lateralized amygdala
hyper-reactivity (Rauch et al., 2000) as well as de-
creased cingulate activation in PTSD, which will be
discussed below.

With the aid of personalized autobiographical
scripts, neuroimaging studies in PTSD following child-
hood abuse have also demonstrated abnormalities in
prefrontal brain areas, with a failure of activation in
anterior cingulate (Shin et al., 1999; Bremner et al.,
1999). Using the method of script-driven symptom
provocation in conjunction with fMRI, Lanius et al.
(2001, 2003) found decreased function in medial pre-
frontal cortex, anterior cingulate and thalamus in pa-
tients with PTSD. However, these studies did not
assess axis II pathology in traumatized patients. We
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expanded the method of challenging autobiographical
scripts to investigate processing of stressful memories
in patients with BPD. With personalized scripts of
childhood abuse situations, findings in BPD patients
were similar to those described above for PTSD. Mem-
ories of abuse were associated with increases in blood
flow in right dorsolateral prefrontal cortex as well as
decreased blood flow in left dorsolateral prefrontal
gyrus in women without BPD. There was also in-
creased blood flow in right anterior cingulate and left
orbitofrontal cortex in women without BPD. Women
with BPD failed to activate anterior cingulate gyrus
as well as orbitofrontal cortex. Also, no blood flow dif-
ferences were seen in dorsolateral prefrontal gyrus in
women with BPD (Schmahl et al., 2004). Since fear
of abandonment is one of the characteristic features
of BPD and situations of abandonment appear to be
an important stressor in the development of BPD, we
also tested the effects of memories of situations of
abandonment, again with the aid of autobiographical
scripts (Schmahl et al., 2003b). Memories of abandon-
ment were associated with greater increases in blood
flow in bilateral dorsolateral prefrontal cortex (middle
frontal gyrus, areas 9 and 10) as well as right cuneus
(area 19) in women with BPD than in women without
BPD. Abandonment memories were associated with
greater decreases in right anterior cingulate (areas 24
and 32) in women with BPD than in women without
BPD. A larger decrease in blood flow in women with
BPD was also seen in left temporal cortex and left
visual association cortex.

In a recent study (Driessen et al., 2004), neural corre-
lates of traumatic memory versus aversive but nontrau-
matic memory were investigated in BPD patients with
(n = 6) and without PTSD (n = 6). Comparing the reac-
tion to the two memory types, differential responses for
BPD patients with and without PTSD were found:
Those without current PTSD showed a widespread acti-
vation of the orbitofrontal cortex (OFC) in both hemi-
spheres, whereas those with current PTSD
demonstrated only minor activation of the right more
than the left OFC. Instead, there was a major right-sided
activation of the anterior temporal lobe, including para-
hippocampal gyrus and amygdala. These results may
indicate the existence of different neural networks in
trauma-associated mental disorders. Taken together, a
dysfunction of dorsolateral and medial prefrontal cortex
may be associated with the recall of traumatic memories
in women with BPD.

As mentioned above, alterations of pain perception
and pain processing are a characteristic feature of
BPD and may underlie self-injurious behavior in pa-
tients with the disorder. Neuroimaging studies revealed
the neuroanatomical correlates of pain processing in
the brain (Peyron et al., 2000). Two anatomically dis-
tinct pathways, distinguished according to their projec-
tions through thalamic nuclei, have been identified
(Treede et al., 1999): a sensory-discriminative �lateral�
pathway projecting from the lateral thalamic nuclei to
the primary and secondary somatosensory cortex, and
an affective-motivational �medial� pathway projecting
from the medial thalamic nuclei to the insula and ante-
rior cingulate cortex. Functional neuroimaging investi-
gations of pain perception in healthy individuals using
heat stimuli could demonstrate an involvement of lat-
eral as well as medial pathways in pain processing of
healthy human subjects (Bornhoevd et al., 2002; Davis,
2000). Dorsolateral prefrontal cortex appears to have
an important pain control function (Lorenz et al.,
2003). We used painful heat stimuli in combination
with functional magnetic resonance imaging to examine
neural processing of pain in BPD (Schmahl and Seif-
ritz, 2003). Compared to normal subjects, BPD pa-
tients showed a specific pattern of cortical responses
to pain, which was characterized by less activation in
posterior parietal cortex and a stronger activation in
dorsolateral prefrontal cortex. In addition, patients
but not controls revealed a strong deactivation in the
perigenual ACC. This pattern of neural activation
may be related to disturbed evaluation of pain in pa-
tients with BPD.
6. Summary, conclusions, and outlook

Neuroimaging research in BPD started about 20
years ago, and the last decade has brought an enormous
increase in structural as well as functional imaging re-
search. This research has been stimulated by neuroimag-
ing investigations in Posttraumatic Stress Disorder and
methodologies have been transferred from neuroimag-
ing research in PTSD, e.g., volumetry of hippocampus
and amygdala, or challenge studies with stressful auto-
biographical scripts. Since PTSD and BPD are both
characterized by stressful life events, and symptoms of
both disorders are thought to be related to neurobiologi-
cal alterations brought about by traumatic experiences,
transfer of methodologies from research in PTSD to
BPD seems to be justified.

The results of structural imaging studies are consis-
tent with smaller hippocampal as well as amygdala vol-
umes in adult patients with BPD. The finding of reduced
hippocampal volume is consistent with many studies in
PTSD, amygdala volume reduction, however, sets
BPD apart from PTSD, where the amygdala seem to
be structurally unaffected. Structural and functional
neuroimaging has revealed a dysfunctional network of
brain regions that seem to mediate much, if not all of
the BPD symptomatology (Table 1). This frontolimbic
network consists of anterior cingulate cortex, orbito-
frontal and dorsolateral prefrontal cortex, hippocam-
pus, and amygdala. FDG-PET studies have revealed



Table 1
Structural and functional imaging findings in frontolimbic regions

Region Findings

Hippocampus � Reduced volume (Driessen et al., 2000; Tebartz van Elst et al., 2003; Schmahl et al., 2003a)
� Decreased baseline metabolism left (Juengling et al., 2003)

Amygdala � Reduced volume (Driessen et al., 2000; Tebartz van Elst et al., 2003; Schmahl et al., 2003a)
� Gray matter volume loss left (Ruesch et al., 2003)
� Increased activity in response to affective pictures (Herpertz et al., 2001) and fearful faces

(Donegan et al., 2003)

Anterior cingulate cortex � Reduced volume right (Tebartz van Elst et al., 2003)
� Decreased baseline metabolism (De la Fuente et al., 1997)/Increased baseline metabolism

(Juengling et al., 2003)
� Blunted response to fenfluramine (Siever et al., 1999)
� Deactivation in response to m-cpp (New et al., 2002, 2003)
� Reduced a-[(11)C]methyl-L-tryptophan trapping (Leyton et al., 2001)
� Deactivation in response to fearful faces (Donegan et al., 2003)
� Failure of activation in response to trauma scripts (Schmahl et al., 2004), deactivation in response

to abandonment scripts (Schmahl et al., 2003b)
� Decreased activity in response to pain stimuli (Schmahl and Seifritz, 2003)

Medial and orbital prefrontal cortex � Reduced volume left orbital (Tebartz van Elst et al., 2003)
� Decreased metabolism (Soloff et al., 2003)
� Blunted response to fenfluramine (Siever et al., 1999; Soloff et al., 2000) and m-cpp

(New et al., 2002, 2003)
� Reduced alpha-[(11)C]methyl-L-tryptophan trapping (Leyton et al., 2001)
� Failure of activation in response to trauma scripts (Schmahl et al., 2004)

Dorsolateral prefrontal cortex � Reduced N-acteylaspartate concentration (Tebartz van Elst et al., 2001)
� Decreased baseline metabolism (De la Fuente et al., 1997)/Increased baseline metabolism

(Juengling et al., 2003)
� Blunted response to fenfluramine right (Siever et al., 1999)
� Failure of activation in response to trauma scripts (Schmahl et al., 2004), increased blood

flow in response to abandonment scripts (Schmahl et al., 2003b)
� Increased activity in response to pain stimuli left (Schmahl and Seifritz, 2003)
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altered baseline metabolism in prefrontal regions includ-
ing ACC. These brain areas also seem to be involved in
dysfunctional serotonergic neurotransmission, which
has been associated with disinhibited impulsive aggres-
sion in patients with BPD. Challenge studies using emo-
tional, stressful, and sensory stimuli have consistently
shown deactivation or failure of activation of ACC in
patients with BPD. ACC may be viewed as a brain re-
gion mediating affective control, and dysfunction in this
area could be related to affective dysregulation which is
characteristic of BPD.

However, a number of open questions remain.
Although deactivation of ACC in response to stress is
found throughout most challenge studies, assessment
of baseline metabolism with FDG-PET has not shown
consistent results, with studies finding increased as well
as decreased prefrontal metabolism. Different findings
between FDG-PET studies may be due to subgroup dif-
ferences as well as differences in gender distribution.
Overall, gender effects seem to play a very important
role in the neurobiology of BPD. This is particularly
true for studies assessing serotonergic function. The
studies by New et al. (2003) and Leyton et al. (2001)
yielded large differences in serotonergic function in pre-
frontal areas between male and female BPD patients.
This may be related to the fact that aggressive behavior
is directed in different directions by male and female pa-
tients with BPD, with women showing mainly self-inju-
rious behavior and men demonstrating more outwardly
directed aggression. Another important conclusion from
the research reviewed here is that frontolimbic dysfunc-
tion found in BPD is not a finding specific to the disor-
der, but can also be found in a variety of different
disorders, such as PTSD, depression, or patients with
impulsive and aggressive behavior. Thus, rather than
being characteristic of a certain disorder, dysfunction
of frontolimbic areas appears to underlie psychopatho-
logical clusters such as stress-related or impulsive
syndromes.

Neuroimaging will certainly remain one of the most
important methods for the study of the neurobiological
underpinnings of BPD. Thus, future studies should fo-
cus on several points found to be important in the liter-
ature reviewed: different stress-related disorders, such as
PTSD and BPD, should be compared directly using the
same paradigms, such as emotional or stressful chal-
lenges. Also, given the large overlap of the two disorders
BPD and PTSD, subgroups of BPD patients with and
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without comorbid PTSD should be investigated. This
clear separation of study groups may help to elucidate
similarities as well as differences in the neurobiology of
the two disorders. Another fruitful avenue of research
is to take a look at gender effects in BPD. It seems to
be crucial not to investigate mixed gender BPD groups
since clinical as well as neurobiological differences be-
tween men and women with the disorder appear to be
too large to investigate them together. However, only
focussing on women with BPD would mean leaving
out interesting findings. Thus, comparing male and fe-
male BPD patients is an interesting starting point for re-
search which may help to clarify the role of gender in
this disorder. PET studies using radioactively labelled
tracers, e.g. opioid ligands, will become important to
elucidate the contribution of different neurochemical
systems to BPD symptomatology. Also, conditioning
experiments in conjunction with functional imaging (Bü-
chel and Dolan, 2000) may help to elucidate neural
mechanisms underlying disturbed learning processes in
BPD. Finally, an important question is whether the
abnormalities found in imaging studies represent state
or trait characteristics of the disorder. One possible
way to answer this question is to investigate effects of
therapeutic interventions by comparing patients before
and after therapy.
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