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a b s t r a c t
Background: Borderline personality disorder (BPD) is a severe psychiatric disorder involving a range of symptoms
including marked affective instability and disturbances in interpersonal interactions. Neuroimaging studies are
beginning to provide evidence of altered processing in fronto-limbic network deﬁcits in the disorder, however,
few studies directly examine structural connections within this circuitry together with their relation to proposed
causative processes and clinical features.
Methods: In the current study, we investigated whether individuals with BPD (n = 20) have deﬁcits in white
matter integrity compared to a matched group of healthy controls (n = 18) using diffusion tensor MRI (DTI).
We hypothesized that the BPD group would have decreased fractional anisotropy (FA), a measure of white
matter integrity, compared to the controls in white matter tracts connecting frontal and limbic regions, primarily
the cingulum, fornix and uncinate fasciculus. We also investigated the extent to which any such deﬁcits related to
childhood adversity, as measured by the childhood trauma questionnaire, and symptom severity as measured by
the Zanarini rating scale for BPD.
Results: We report decreased white matter integrity in BPD versus controls in the cingulum and fornix. There
were no signiﬁcant relationships between FA and measures of childhood trauma. There were, however, signiﬁcant associations between FA in the cingulum and clinical symptoms of anger, and in the fornix with affective
instability, and measures of avoidance of abandonment from the Zanarini rating scale.
Conclusions: We report deﬁcits within fronto-limbic connections in individuals with BPD. Abnormalities within
the fornix and cingulum were related to severity of symptoms and highlight the importance of these tracts in
the pathogenesis of the disorder.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Borderline personality disorder (BPD) is a severe complex psychiatric
disorder estimated to affect 0.5–5.9% of the population (Lenzenweger
et al., 2007; Grant et al., 2008). BPD is characterized by impulsivity,
affective instability, maladaptive cognitive processes, and interpersonal disturbances. Causal mechanisms are at present incompletely
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understood, however genetic factors, adverse traumatic childhood
events, and altered neurobiology are central to its etiology (O3Neill
and Frodl, 2012).
Currently, research into BPD lags behind the other major psychiatric
disorders such as bipolar disorder and schizophrenia, however there
is a growing neuroimaging literature focusing on understanding its
underlying neurobiology. Studies of morphology and function have
generally indicated disturbances of fronto-limbic networks involved
in the regulation and recognition of emotion and response to stress.
Structural imaging studies generally report volumetric reductions in
limbic structures involved in emotion processing in BPD including
the hippocampus and amygdala, a ﬁnding which is supported by
meta-analysis (Schmahl et al., 2003a; Tebartz van Elst et al., 2003;
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Brambilla et al., 2004; Zetzsche et al., 2007; O3Neill and Frodl, 2012;
Richter et al., 2014). Functional imaging studies have also reported
altered activation of amygdala to emotional stimuli (Herpertz et al.,
2001; Donegan et al., 2003; Minzenberg et al., 2007; Hazlett et al.,
2012), along with abnormal activation of regulatory regions in the
prefrontal cortex (Silbersweig et al., 2007; O3Neill and Frodl, 2012;
Kamphausen et al., 2013; Koenigsberg et al., 2014).
There have, however, been fewer neuroimaging studies directly
examining the integrity of white matter tracts within fronto-limbic circuits in BPD (Rusch et al., 2010; Carrasco et al., 2012; Maier-Hein et al.,
2014). Such structural connectivity is typically measured using diffusion
tensor MRI (DTI). DTI measures the random motion of water molecules
within white matter ﬁber tracts, quantiﬁed as fractional anisotropy
(FA), which is considered to reﬂect the underlying tissue structure
(Schmierer et al., 2007). FA refers to the non-random/constrained
water diffusion imposed by axonal ﬁber structure and myelination,
however since DTI measures this diffusion at the macroscopic level,
FA can be inﬂuenced by a number of other factors including multiple
ﬁber orientations within individual voxels. FA is therefore viewed
only as an approximation of white matter integrity. DTI studies in
BPD have typically reported reduced white matter integrity within
the frontal cortex (Grant et al., 2007; Rusch et al., 2010; Carrasco
et al., 2012), in the association tracts connecting with hippocampal
and thalamic regions (Maier-Hein et al., 2014), together with evidence for deviation in normal developmental trajectories in individuals with BPD (New et al., 2013). There is still however limited
literature linking neurobiological abnormalities with individual
trait-features of the disorder. Few studies have, for example, examined these deﬁcits in relation to childhood adversity and symptom
severity despite ﬁndings in other disorders which suggest associations between white matter integrity and early life adversity and with
affective symptomatology (Sprooten et al., 2011; Emsell et al., 2013;
Lu et al., 2013).
In the current study we therefore investigated whether there were
abnormalities in key fronto-limbic white matter tracts in individuals
with BPD compared with healthy age and sex matched controls. In
addition we sought to determine whether white matter FA in individuals with BPD was associated with early life adversity or symptom
severity. We focused on three fronto-limbic tracts implicated in affective processing; the cingulum, the fornix and the uncinate fasciculus.
We hypothesized that there would be reductions in white matter
integrity in the BPD group compared with controls, and that FA within
these tracts would relate to measures of childhood trauma and BPDassociated symptom severity, particularly in affective and social symptom domains.
2. Methods and materials
2.1. Study population
Twenty individuals meeting DSM-IV criteria for BPD were recruited
from local clinical services. A diagnosis of BPD was established through
the use of SCID-II interview and screening for comorbidity was conducted using the SCID-I and by case note review. Individuals with BPD were
excluded based on a history of bipolar I disorder or schizophrenia,
current alcohol or drug dependency, or any form of neurological illness.
Healthy controls were recruited from community volunteers. All participants provided written informed consent and were able to withdraw
from the study at any time. The study was approved by the local research ethics committee.
All participants IQ levels were assessed by the administration of
The National Adult Reading Test (NART) (Nelson, 1982). Participants also completed the Hamilton Rating Scale for Depression
(HAM-D) (Hamilton, 1960), Young Mania Rating Scale (YMRS)
(Young et al., 1978), Childhood Trauma Questionnaire (CTQ)
(Bernstein et al., 1997; Bernstein et al., 2003) and the Zanarini rating

477

scale for borderline personality disorder (ZAN-BPD) (Zanarini et al.,
2003). The CTQ was grouped into subscale ratings of emotional abuse,
emotional neglect, physical abuse, physical neglect, sexual abuse and
total scores.
2.2. Scan acquisition and preprocessing
The MRI data were collected on a 3-T MAGNETOM Verio (Siemens
AG, Healthcare Sector, Erlangen, Germany) running the software
Syngo MR B17 at the Clinical Research Imaging Centre, University of
Edinburgh. Whole brain DTI scans were acquired for each subject with
a prototype single-shot pulsed gradient spin-echo echo-planar imaging
sequence with diffusion gradients (b = 1000 s/mm2) applied in 56 noncollinear directions and 6 T2-weighted echo-planar imaging baseline
scans. Fifty-ﬁve 2.5-mm contiguous axial slices were acquired with a
ﬁeld of view of 220 × 220 mm2 which yields an isotropic acquisition
voxel of dimensions 2.5 × 2.5 × 2.5 mm3. Standard pre-processing procedures were employed involving conversion to NifTI format, eddy current correction, linear motion correction and brain extraction (http://
www.fmrib.ox.ac.uk/fsl). Finally, ‘DTIFit’ (http://www.fmrib.ox.ac.uk/
fsl) was used to ﬁt diffusion tensors to the eddy- and EPI-corrected
data to generate FA values for each subject using standard formulas in
FSL.
2.3. Tract based spatial statistics
Tract Based Spatial Statistics (TBSS) (Behrens et al., 2003; Smith
et al., 2006) was performed using the standard FSL procedures
(Sprooten et al., 2011). First, each subject3s FA volume was linearly
and non-linearly registered to the ‘most representative’ participant,
i.e. that which minimized the amount of warping required for all
other subjects to be aligned to it. All subjects were then subsequently
aligned to MNI152 space. The resulting FA volumes were then averaged
and a mean FA skeleton mask generated by searching along all tracts in
a perpendicular direction; the voxel with the highest FA was then considered to be the center of the tract. A threshold of FA N 0.2 was applied
to the skeleton with the aim of removing voxels which consisted primarily of gray matter or CSF. Each subject3s aligned FA images were
then projected onto the ﬁber skeleton template resulting in one FA skeleton map per subject assumed to contain anatomically corresponding
centers of white matter structure.
Having obtained the skeletons for each subject from TBSS, a twosample t-test was conducted to assess between group differences in
FA using ‘randomize’ functions within FSL. Three separate masks
were used at the randomize command in FSL for the region of interest (ROI) analyses (the cingulum, fornix, and uncinate fasciculus), as
well as the mean FA skeleton mask. White matter masks were derived from the Johns Hopkins University DTI-based white matter
atlas and the Johns Hopkins University white matter tractography
atlas digitally available in FSL. Threshold-Free Cluster Enhancement
(TFCE) was used to obtain cluster-based statistics corrected for multiple
comparisons, a method of enhancing cluster-like structures in the
voxel-based data. The current analyses present p-values corrected for
ROI with family-wise error (pFWE) via permutation testing with 5000
permutations. The threshold-free cluster enhancement corrected
p-maps were thresholded at pFWE b 05. Motion did not differ between
the patients and controls (patients: mean = 0.68 mm, std dev = 0.15,
controls: mean = 0.60 mm, std dev = 0.17, p = 0.94).
2.4. Statistical analysis
Statistical analysis of demographic and clinical data were conducted
using two sample t-tests (for age, IQ), Kruskal–Wallis (for CTQ and
Zanarini scores) or chi-squared tests (for sex, handedness) where
appropriate. All analyses were conducted in ‘R’ (http://www.R-project.
org). Regression analysis of the CTQ (for subscale ratings of emotional
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abuse, emotional neglect, physical abuse, physical neglect, sexual
abuse and total scores) and Zanarini scores with measures of FA
were conducted for regions demonstrating signiﬁcant group differences. The CTQ and Zanarini scales were examined separately.
These analyses were also performed in R and were restricted to the
BPD group only.

3. Results
3.1. Demographic and clinical measures
Demographic details are presented in Table 1. The BPD group
consisted of 17 females and 3 males with a mean age of 35.8 years (SD
8.61) and a mean IQ of 114.8 (SD 7.89). Of the 20 individuals with
BPD, 12 were being treated with antipsychotic medication and 15
were being treated with antidepressant medication. The healthy controls comprised 14 females and 4 males with mean age of 34.9 years
(SD 9.85) and a mean IQ of 113.2 (SD 5.59). No signiﬁcant differences
were found in age, IQ, handedness or gender between the groups. Clinical measures for the BPD group are described in Table 1.

3.2. Between group differences in fractional anisotropy
Decreases in FA were found between individuals with BPD and controls in the anterior portion of the cingulum bundle (125 voxels at
pFWE = 0.005, MNI co-ordinates: x = 107, y = 160, z = 87, controls:
mean FA = 0.4582, sd = 0.05; BPD: mean FA = 0.3858, sd = 0.07)
and in the fornix (139 voxels at p FWE = 0.015, MNI co-ordinates:
x = 90, y = 117, z = 88, controls: mean FA = 0.5324, sd = 0.09;
BPD: mean FA = 0.4292, sd = 0.14) using ROIs as described above
(Figs. 1 and 2). No differences were found in the uncinate fasciculus
between groups, and no signiﬁcant differences were found between
groups using the mean FA skeleton mask.

3.3. Regression analysis
Regression analyses were performed using FA values from the clusters of group difference in the cingulum and fornix within the BPD
group. No signiﬁcant relationships were reported for any of the
measures from the CTQ. However there were signiﬁcant associations
between FA values in the cingulum and measures of anger from the
Zanarini scale (r = −0.56, p = 0.009), and between fornix FA values
and measures of affective instability (r = −0.49, p = 0.027) and symptoms of avoidance of abandonment (r = 0.47, p = 0.036) also from the
Zanarini scale (Fig. 3). Finally there was a trend level association
between fornix FA values and measures of impulsivity (r = 0.438,
p = 0.053).
3.4. Analysis of potential confounders
Within the BPD group, measures of FA from the cingulum and fornix
were not found to correlate signiﬁcantly with the severity of depressive
symptoms from the HAM-D, nor with age or IQ. To explore potential
confounding effects of medication, FA values for these structures in
those individuals on antipsychotic medication were compared to
those not taking it, similarly for antidepressant medication. There
were no signiﬁcant differences for FA measures from the cingulum
(t = 0.189, p = 0.852; t = 0.205, p = 0.840) or fornix (t = 0.51,
p = 0.613; t = 1.14, p = 0.268) for anti-psychotic or antidepressant
medication respectively.
4. Discussion
In this study we report reductions in white matter integrity as measured using FA in individuals with BPD versus a matched group of
healthy controls in white matter tracts connecting frontal and limbic regions, speciﬁcally the cingulum and fornix. These ﬁndings represent
deﬁcits of structural connectivity in tracts connecting brain regions involved in affective and social processing previously implicated in BPD

Table 1
Demographics and clinical measures.
Healthy control participants
(n = 18)

Participants with a diagnosis of BPD
(n = 20)

Signiﬁcance Z score/chi sq (p-value)

34.9 (9.85)
14:4
113.2 (5.59)
17:1

35.8 (8.61)
17:3
114.8 (7.89)
18:2

0.28 (0.77)
1.58 (0.46)
0.62 (0.54)
0.26 (0.61)

Demographics mean (std dev)
Age (years)
Sex F:M
IQ (NART)
Handedness R:L plus mixed
Clinical measuresa
Hamilton Rating Scale for Depression
Young Mania Rating Scale
Zanarini rating scale
Z1 (anger)
Z2 (affective instabil)
Z3 (emptiness)
Z4 (identity disturb)
Z5 (dissociative sympt)
Z6 (abandonment)
Z7 (self-harm)
Z8 (impulsivity)
Z9 (interpersonal rel)

NA
NA

16.5 (15)
0.0 (2.75)

NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA

1.0 (1.75)
2.5 (2.00)
2.0 (2.75)
1.5 (1.00)
2.0 (2.00)
1.0 (1.00)
1.5 (1.75)
1.0 (2.00)
1.0 (2.00)

NA
NA
NA
NA
NA
NA
NA
NA
NA

Childhood trauma questionnaire (CTQ)
Emotional abuse
Emotional neglect
Physical abuse
Physical neglect
Sexual abuse
CTQ total
Antipsychotic medication (Y:N)
Antidepressant medication (Y:N)
Comorbid diagnoses, current and past (number)

NA
NA
NA
NA
NA
NA
0
0
NA

3.8 (1.11)
3.68 (1.26)
2.5 (1.49)
1.95 (1.25)
3.14 (1.74)
15.1 (5.10)
12:8
15:5
BPADii (1), OCD (1), PTSD (3), eating disorder (4),
depression (11); anxiety (8)

NA
NA
NA
NA
NA
NA
NA
NA
NA

a

Median (interquartile range).
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Fig. 1. Decreased FA in BPD group in cingulum. Deceased white matter integrity in patients with BPD versus controls in the cingulum. For further details see text. To aid visualization the
results (pFWE b 0.05) are thickened using the “tbss-ﬁll” command.

using structural and functional neuroimaging approaches. In addition,
we also report associations between FA measures in the cingulum and
fornix with symptom severity measures within the BPD group, particularly for affective and social symptom domains. Notably, however, we
did not ﬁnd evidence of an association of early trauma, as assessed by
the CTQ, with white matter integrity in BPD.
The current study indicated white matter deﬁcits in individuals with
BPD within the anterior section of the cingulum bundle. The cingulum
bundle forms the white matter structure of the cingulate gyrus. On
sagittal section it is C-shaped bundle of ﬁbers running from the rostral subcallosal region, along the corpus callosum, through to the
parahippocampal gyrus. It is the main tract connecting the cingulate
cortex with other limbic areas of the brain, speciﬁcally the medial
temporal lobe, and wider networks including prefrontal, parietal,
temporal areas and the thalamus (Pandya et al., 1981). Hence, it is
one of the most important tracts of the limbic system and plays a central role in co-ordinating emotional processing and affect regulation,
and impulse control which relate to core areas of difﬁculty in BPD.
Abnormalities within this tract may therefore underlie disrupted regulatory inhibitory inﬂuence of higher order cortical regions, such as the
anterior cingulate and prefrontal cortex, over limbic regions such
as the amygdala and insula, resulting in the typical limbic hyperresponsiveness commonly reported in the disorder (Herpertz et al.,
2001; Donegan et al., 2003; Minzenberg et al., 2007; Hazlett et al.,
2012). This ﬁnding is indeed consistent with a previous DTI study examining adults with BPD (Rusch et al., 2010), and with numerous studies reporting volumetric abnormalities within the anterior segments of
the cingulate cortex itself (Tebartz van Elst et al., 2003; Hazlett et al.,
2005; Minzenberg et al., 2008; Soloff et al., 2008; Whittle et al., 2009).
The current analysis focused on tracts connecting fronto-limbic regions of the brain. It is noteworthy however that in the case of both the
cingulum and fornix that these are tracts adjacent to the corpus callosum
which itself has been previously implicated in BDP (Rusch et al., 2010;
Carrasco et al., 2012). In the present study we also examined the relationship between FA values within fronto-limbic tracts and measures of
childhood adversity and symptom severity. There is currently limited literature linking deﬁcits in speciﬁc tracts with individual symptoms in BPD,
we therefore attempt within the following discussion to draw on other
imaging modalities in other patient populations and in healthy controls
with respect to anger processing and affective symptomatology in order
to interpret these ﬁndings. Although we did not ﬁnd associations with
childhood adversity, FA values within the cingulum were related to
measures of inappropriate anger from the Zanarini rating scale. This is

consistent with previous studies implicating the importance of regions
connected by the cingulum, speciﬁcally the cingulate cortex, in functions
such as trait aggression and self-reported feelings of anger (Denson et al.,
2009; Pawliczek et al., 2013), and with previous functional imaging
studies of BPD reporting decreased activation of the subgenual anterior
cingulate during anger induction (Jacob et al., 2013). A recent study of adolescents with BPD, however, did not report deﬁcits in this tract (MaierHein et al., 2014). Although there maybe methodological explanations
for the differences in ﬁndings, this may reﬂect the fact that the maturation
of the cingulum bundle as well as other fronto-limbic tracts is reported to
continue through childhood and into adolescence (Lebel et al., 2008). The
difference between our study and previous work may therefore reﬂect
the development stage at which participants were assessed. In terms of
white matter development, FA proceeds along an inverted U-shape
curve, increasing through adolescence, and decreasing into adulthood,
the latter described as ‘pruning’ of neural connections (New et al.,
2013). Studies of normal development have indeed suggested there are
signiﬁcant relationships between FA values and inhibitory performance
on cognitive tasks, as well as measures of impulsiveness (Silveri et al.,
2006; Treit et al., 2014). Further longitudinal studies would therefore be
required to fully explore timings of this deﬁcit in the course of illness
development.
We also report decreased structural integrity of the fornix in the BPD
group. The fornix is another major tract of the limbic system and forms
an arching bundle of ﬁbers situated below the corpus callosum. It
connects the hippocampus, entorhinal and perirhinal areas with the
mamillary bodies, the hypothalamus, thalamus, cingulate cortex and nucleus accumbens (Saunders and Aggleton, 2007). As such it is also involved in the regulation of emotional brain regions by higher order
cortical regions (Dalgleish, 2004), in reward processing (Salinas and
White, 1998), and in the response to stress (Kim and Diamond, 2002),
all important in the clinical and behavioral manifestations of BPD. The
current ﬁnding of decreased integrity of the fornix in BPD is consistent
with a recent study reporting deﬁcits in structural integrity of the fornix
versus both healthy controls and a ‘clinical control’ sample consisting of
subjects with mixed psychiatric diagnoses who did not fulﬁll more than
one of the nine DSM-IV diagnostic criteria of BPD (Maier-Hein et al.,
2014). Furthermore, morphometric studies in BPD also indicate volumetric abnormalities in regions connected by the fornix, including the hippocampus, hypothalamus and cingulate cortex (Goodman et al., 2011;
O3Neill and Frodl, 2012; Kuhlmann et al., 2013; Richter et al., 2014).
FA measures within the fornix were also related to several clinical
features of the disorder. Speciﬁcally, there was a negative relationship

Fig. 2. Decreased FA in BPD group in fornix. Deceased white matter integrity in patients with BPD versus controls in the fornix. For further details see text. To aid visualization the results
(pFWE b 0.05) are thickened using the “tbss-ﬁll” command.
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Fig. 3. Association between symptom severity measures from the Zanarini scale and FA
values. (A) Between cingulum and anger, (B) between fornix and affective instability

with affective instability which is consistent with numerous prior
studies reporting decreased fornix FA in other disorders with a major affective component, including bipolar disorder and major depressive disorder (Barnea-Goraly et al., 2009; Barysheva et al., 2013; Emsell et al.,
2013), and since the fornix connects regions critically involved in emotional regulation. There was also a trend for a signiﬁcant negative association between FA values in the fornix and the measure of impulsivity
from the Zanarini scale. Although deﬁnitions of impulsivity differ, it is
generally regarded as poorly conceived, risky, or inappropriate behavior, and the inability to appreciate the negative consequences of one3s
own actions. It therefore broadly involves deﬁcits in the cognitive domains of executive control, reward processing, hence linking to regions
such as those connected by the fornix, including the cingulate, thalamus
and nucleus accumbens (Miyake et al., 2000; Moeller et al., 2001). Finally there was also a positive association between FA in the fornix and the
item on the Zanarini rating abandonment. Other neuroimaging studies
have also reported similar relationships between anterior cingulate volumes and activation with abandonment and attachment trauma scores
(Schmahl et al., 2003b; Whittle et al., 2009). The current study therefore
indicates the involvement of white matter tracts connecting these regions underlying such symptoms in the disorder.
Epidemiological research strongly indicates that early life adversity
is highly correlated with the occurrence of the disorder (Zanarini
et al., 1997; Zanarini et al., 2002). Previous imaging studies have showed
associations between early trauma and altered white matter development (Lu et al., 2013). We did not, however, see this association in present study of BPD, suggesting that white matter deﬁcits in BPD may not
be strongly related to developmental experience, but may instead in
part reﬂect genetic vulnerability, perhaps reﬂecting similar white matter changes in other affective disorders (Emsell et al., 2013).
We acknowledge that under strict statistical conditions it would
be desirable to conduct Bonferroni multiple comparison corrections
for the 3 regions of interest used in the current study. Under such conditions we note that only the correlation between FA measures from
the cingulum and symptoms of inappropriate anger would remain

signiﬁcant. However, we considered the overall exploratory analysis
approach justiﬁed given the preliminary nature of the study on such a
modest sample size. Further replication in larger samples would be necessary to determine the robustness of the ﬁndings. The modest sample
size and consequent lack of statistical power may have also contributed
to the inability to detect similar associations with measures of childhood
trauma.
Another limitation is that individuals with BPD often have a variety
of co-morbidities and were on a range of treatments as described within
Table 1, and this may contribute to sample heterogeneity. This reﬂects
the nature of typical BPD populations and as such increases the generalizability of the current ﬁndings. Furthermore, there was no evidence
that the observed deﬁcits in whiter matter integrity could be explained
by either medication class or measures of depression severity, which
represented the most common comorbidity, although, due to modest
group sizes, lack of such effects should be interpreted with caution.
It should also be noted that deﬁcits in FA could be due to a number of
factors, including differences in axonal density, myelination, diameter,
membrane permeability, or in the orientational coherence of axons
within voxels (Jones et al., 2013). We are unable therefore to interpret
ﬁndings as providing evidence of a particular cellular pathology (Jones
et al., 2013). Also, FA cannot accurately describe multiﬁber architecture
and might be inﬂuenced by motion, eddy currents, misregistration, and
partial volume effects (Zhan et al., 2009). Further study with techniques
complementary to DTI would be necessary to provide additional information with regard to the true nature of these deﬁcits.
In conclusion we report altered structural connectivity of two major
fronto-limbic tracts in individuals with BPD indicating that these tracts
play a key role in the pathogenesis of the disorder. These ﬁndings
suggest that there are deﬁcits in structural connectivity in tracts which
connect regulatory regions such as the cingulate and prefrontal cortex
with subcortical limbic regions, thereby resulting in abnormal emotional processing, emotional dysregulation, and poor impulse control characteristic of the disorder. Associations with symptom severity further
indicate that disruption of cingulum and fornix white matter integrity
contribute to mechanisms underlying symptomatology in BPD.
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