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Research Report 
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A B S T R A C T   

Borderline personality disorder (BPD) is a severe psychiatric disorder accompanied by multiple comorbidities. 
Neuroimaging studies have identified structural abnormalities in BPD with most findings pointing to gray matter 
volume reductions in the fronto-limbic network, although results remain inconsistent. Similar alterations were 
found in posttraumatic stress disorder (PTSD), a common comorbidity of BPD. Only a small number of studies 
have investigated structural differences in BPD patients regarding comorbid PTSD specifically and studies con-
ducting additional surface analyses are scarce. We investigated structural differences in women with BPD with 
and without PTSD and non-patient controls. Automated voxel-based and region-based volumetric analyses were 
applied. Additionally, four surface-based measures were analyzed: cortical thickness, gyrification index, fractal 
dimension, and sulcus depth. Analyses did not identify cortical volume alterations in the fronto-limbic network. 
Instead, hypergyrification was detected in the right superior parietal cortex in BPD patients compared to non- 
patient controls. No distinction was revealed between BPD patients with and without PTSD. These findings 
underline the importance of a holistic investigation examining volumetric and surface measures as these might 
enhance the understanding of structural alterations in BPD.   

1. Introduction 

Borderline personality disorder (BPD) is a severe psychiatric disorder 
characterized by affective instability, unstable and intense interpersonal 
relationships, identity disturbances, and impulsive and recurrent sui-
cidal behavior (American Psychiatric Association, 2013; Lieb et al., 
2004). Prevalence estimates range between 1.6% (Torgersen, 2009) and 
5.9% (Grant, 2009). Up until recently, BPD was assumed to be three 
times more common in women (Leichsenring et al., 2011; Lieb et al., 
2004). Growing evidence suggests that these sex differences might be 
mediated by concomitant factors of BPD such as comorbidities (Grant, 
2009). 

BPD is often accompanied by multiple comorbid clinical and 

personality disorders, with posttraumatic stress disorder (PTSD) being 
one of the most prevalent (diagnosed in 39.2% of BPD patients), espe-
cially among women (Grant, 2009). In the etiology of BPD, the experi-
ence of traumatic events such as ongoing sexual abuse during childhood 
and adolescence interacting with genetics has been identified as po-
tential influences on both onset and symptom severity of BPD (Amad 
et al., 2014; O’Neill and Frodl, 2012; Zanarini et al., 2002). Due to the 
typically diagnosed cumulative disorders, BPD patients face many 
challenges in their everyday life affecting their social network, 
frequently leading to unemployment. Successful treatment remains a 
great challenge and has led to high costs for the public health system (e. 
g. Fassbinder et al., 2016; Jerschke et al., 1998; van Asselt et al., 2007; 
Wunsch et al., 2014). 
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Brain imaging studies have attempted to contribute towards over-
coming the treatment challenge by clarifying the neurological profiles 
specific to the disorder. Automated gray matter volume (GMV) methods, 
which have greatly improved over the past two decades, are used to 
attempt to identify structural brain abnormalities key to BPD and 
elucidate patterns of abnormalities across regions of the brain. Contrary 
to manual tracing methods which require the definition of regions of 
interest by trained physicians, voxel-based morphometry (VBM) enables 
an objective and more time-efficient investigation of group differences 
in local GMV with high regional specificity across the brain (Kurth et al., 
2015). 

Several studies on BPD have identified structural alterations in the 
fronto-limbic system (Yang et al., 2016), but results are very heteroge-
neous and diverging patterns have been reported. For instance, reduced 
GMVs have been found in the hippocampus, amygdala, right anterior 
cingulate cortex (ACC) and left orbitofrontal cortex (OFC; Tebartz van 
Elst et al., 2003), while reduced right OFC but no reductions in hippo-
campus and amygdala have been reported recently (Nenadić et al., 
2020). An older meta-analysis reported only bilateral hippocampus and 
amygdala reductions (Nunes et al., 2009), but a recent meta-analysis 
highlighted decreased GMV in the amygdala, medial prefrontal cortex 
(mPFC), right parahippocampal gyrus and bilateral ACC (Yu et al., 
2019). Yet another meta-analysis reported a different and more exten-
sive pattern of reduced bilateral medial temporal gyrus (MTG), right 
inferior frontal gyrus (IFG), right insula, left hippocampus, left middle 
occipital gyrus (MOG), left superior frontal gyrus (SFG), and left OFC 
and increased supplementary motor area (SMA), right posterior cingu-
late cortex (PCC), bilateral primary motor cortex (PMC), right middle 
frontal gyrus (MFG) and bilateral precuneus, but no alterations in 
amygdala and ACC GMVs (Yang et al., 2016). One review of studies 
reported that reduced hippocampal volumes have been found more 
consistently in BPD patients (O’Neill and Frodl, 2012), while findings in 
the amygdala have been varied, with decreases, increases and no volu-
metric differences being reported (O’Neill and Frodl, 2012). 
Meta-analyses have appeared to struggle with encompassing a more 
complete combination of studies due to varying methods and samples. It 
has been suggested that inconsistencies in the pattern of structural al-
terations may also be due to existing comorbid disorders such as PTSD 
(Nenadić et al., 2020; O’Neill and Frodl, 2012). 

Similarly to findings in BPD, GMV reduction patterns comprising the 
hippocampus, amygdala and ACC (bilaterally) have been reported in 
PTSD patients (Kitayama et al., 2005; O’Doherty et al., 2015). To 
identify common and distinct patterns of GMV, a small number of 
studies investigated groups of BPD patients with and without comorbid 
PTSD. However, results from these studies are also heterogeneous. One 
study reported reduced hippocampal volumes only in BPD patients with 
PTSD (Schmahl et al., 2009), while another found similar reduction 
patterns regardless of comorbid PTSD or experienced trauma (Weniger 
et al., 2009). In contrast, Niedtfeld and colleagues (2013) reported 
increased GMV in the superior temporal gyrus and the dorsolateral 
prefrontal cortex (DLPFC), but only in BPD patients with PTSD. The 
results of these few studies indicate that structural abnormalities in BPD 
patients might indeed vary depending on comorbidity. Nevertheless, 
findings remain inconsistent and further studies are needed to specify 
the characteristics of these alterations. 

While volumetric abnormalities in BPD patients have been investi-
gated more extensively, studies employing surface measures in the 
investigation of structural abnormalities in BPD remain sparse. Surface- 
based morphometry (SBM) can be used to analyze cortical thickness 
(CT) as well as cortical complexity (referring to the degree of cortical 
folding) with gyrification index (GI), fractal dimension (FD), and sulcus 
depth (SD) measures. The development of cortical complexity occurs 
early in life, rendering GI and SD to be candidate measures of pre- and 
postnatal brain development (de Araujo Filho et al., 2014; Depping 
et al., 2018; Yotter et al., 2011b). Previous BPD studies have mainly 
focused on CT; for instance, cortical thinning has been reported in the 

left mPFC, lateral PFC, left temporoparietal junction, temporal poles and 
paracentral lobules (Bøen et al., 2014), as well as the right medial OFC 
(de Araujo Filho et al., 2014). Contrary to these findings, other studies 
found no differences in CT in BPD compared to non-patient controls 
(Richter et al., 2014) or reported increased CT in the DLPFC (Bruehl 
et al., 2013). Additionally, in healthy individuals, CT has been nega-
tively associated with impulsivity, one of the traits of BPD (Kubera et al., 
2018). Although these findings are even more inconsistent than reported 
volumetric differences, most studies point to cortical thinning in BPD. 

Similarly, findings regarding PTSD-related abnormalities in surface 
measures mainly report a pattern of reduced CT, e.g. in the bilateral 
superior and middle frontal gyri, left inferior frontal gyrus and left su-
perior temporal gyrus (Geuze et al., 2008). Additionally, studies found a 
negative association between PTSD symptom severity and CT in the 
postcentral gyri and middle temporal gyri (Lindemer et al., 2013), as 
well as the PFC (Heyn and Herringa, 2019; Wrocklage et al., 2017). In 
contrast, a recent study found no difference in CT in adolescents with 
PTSD compared to controls, more specifically in the ventromedial PFC, 
ACC, insula, as well as the middle and superior temporal gyrus (Rin-
ne-Albers et al., 2020). In the same vein, normal CT was also reported in 
women with a history of sexual abuse and PTSD (Landré et al., 2010). 

Only a small number of studies have investigated surface measures 
other than CT in BPD. Despite using different methods, these studies also 
point to reductions: one study found reduced SD in the right mOFC (de 
Araujo Filho et al., 2014), while another reported hypogyrification in 
the precuneus, superior parietal gyrus and parahippocampal gyrus 
(Depping et al., 2018). The only study of BPD patients with and without 
PTSD (that the authors are aware of to date) found increased CT in the 
DLPFC only in women with BPD but without PTSD (Bruehl et al., 2013). 

Taken together, similar structural reduction patterns can be found in 
BPD and PTSD, indicating the importance of investigating differences in 
BPD patients with and without PTSD (Schmahl et al., 2003). In addition 
to volume-based measures, there is a high need for studies investigating 
surface-based measures which hold an incremental value to VBM 
(Anticevic et al., 2008). 

Therefore, we aimed to examine the structural reduction pattern in 
BPD compared to non-patient controls (NPC), using both volume and 
surface measures. Furthermore, this study incorporates a more specific 
comparison of BPD patients with and without PTSD. We hypothesized 
that 1) BPD patients will show reductions in volume, thickness and 
cortical folding measures compared to NPC, with GMV reductions being 
expected especially in the bilateral hippocampus, amygdala, ACC, and 
DLPFC, and 2) these reductions will be more pronounced in BPD patients 
with PTSD compared to BPD patients without PTSD. 

We conducted voxel-wise and region-based approaches to investi-
gate GMV and surface measure differences. We also implemented a 
small volume correction (SVC) method to provide a comparison to 
studies that additionally restricted voxel-wise analysis to specific pre-
selected regions (Labudda et al., 2013; Niedtfeld et al., 2013). 

2. Methods 

2.1. Participants 

Brain images were acquired from n = 110 females of which 11 were 
excluded due to insufficient image quality (n = 6), incidental neuro-
logical findings (n = 2), missing psychometric data (n = 2), and IQ < 70 
(n = 1). Of the remaining sample, n = 18 were BPD patients with co-
morbid PTSD (BPDwPTSD), n = 39 were BPD patients without comorbid 
PTSD (BPDwoPTSD), and n = 42 were NPC. BPD patients were diag-
nosed using the Structural Clinical Interview I (SCID I; First et al., 1994) 
and II (SCID II; First et al., 1997), assessed by trained interviewers. PTSD 
and additional comorbid clinical and personality disorders were also 
assessed with the SCID I and II, and the current medication status of the 
patients was acquired. BPD patients were excluded if they presented 
with additional full or subthreshold narcissistic or antisocial personality 
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disorders. 
Further disease-specific diagnostic instruments were used to assess 

symptom severity and trauma experiences. These instruments included 
the Borderline Personality Disorder Severity Index (BPDSI, inclusion at 
score > 20; Arntz et al., 2003; Giesen-Bloo et al., 2010), the BPD 
checklist (Arntz, A. and Dreessen, L., 1995), the Brief Symptom In-
ventory (BSI; Derogatis, 1993; Derogatis and Melisaratos, 1983), and the 
Interview for Trauma Events in Childhood (ITEC; Lobbestael et al., 
2009; Lobbestael et al., 2006). NPC also underwent a diagnostic 
screening using the SCID I and II and the assessment of the BSI, the BPD 
checklist and the ITEC, in order to rule out any clinical or personality 
disorders and clinical abnormalities. 

Group comparisons of psychometric data were analyzed in SPSS 
(v26, IBM Corp., Armonk, NY, USA). Sample characteristics and distri-
bution of participants scanned at the different sites are displayed in 
Table 1. 

Groups did not significantly differ in age or estimated IQ and the 
majority of participants were right-handed. Welch-ANOVAs for the BSI, 
BPD checklist and ITEC were followed up by Games-Howell post-hoc 
tests. NPC had significantly lower scores than both BPD groups in the 
BSI, BPD checklist and ITEC (p < .001). BPD patients did not differ in the 
BPD checklist (p = .245) depending on PTSD diagnosis. However, 
BPDwPTSD showed significantly higher scores than BPDwoPTSD in the 
BSI (p = .004) and the ITEC (p = .012). Overall medication usage did not 
differ between BPDwPTSD and BPDwoPTSD (χ2(1) = 2.176, p = .140). 

Obtaining equal samples from different centers was not achieved; an 
aspect that is difficult to accomplish in multicenter patient studies. See 
Supplemental Materials for further information on sample exclusions 
and characteristics including detailed medication status (Table S1) and 
additional comorbid disorders of BPD patients (Table S2). 

2.2. MRI acquisition 

This study is part of an international multicenter RCT and data comes 
from the baseline scanning session (Baczkowski et al., 2017; van Zut-
phen et al., 2019, 2018). Participants were scanned in Freiburg (GER), 
Lübeck (GER), and Maastricht (NL) and gave written informed consent 
at the beginning of the testing session. 

The following 3T scanners were used for MRI acquisition: Maas-
tricht: Magnetom Allegra (Siemens Healthineers, Erlangen, Germany) 
head-only scanner, birdcage head coil; Freiburg: Tim-Trio Magnetom 
(Siemens Healthineers, Erlangen, Germany) whole body scanner, 8- 
channel head coil; Lübeck: Achieva (Philips Healthcare, Best, 
Netherlands) whole body scanner, 8-channel head coil. The structural 
T1-weighted sequences were acquired with the following parameters: 
TE = 2.6 ms, TR = 2250 ms, flip angle = 9◦, FOV = 256×256 mm2, voxel 
size = 1 × 1 × 1 mm3. Importantly, quality assurance measures from 
Computational Anatomy Toolbox (CAT12; http://dbm.neuro.uni-jena. 
de/cat/) demonstrated that there was no difference in quality of scans 
between the different scanner sites. Detailed descriptions on recruitment 
and scanning procedure can be found in Supplemental Materials. The 
study was approved by the local ethics committees at each site. 

2.3. Voxel-based GMV and surface-based morphometry 

Data pre-processing and analysis of structural images were carried 
out using CAT12 for SPM12 (rev7487; https://www.fil.ion.ucl.ac.uk/s 
pm/) in MATLAB R2018a (MathWorks, MA, USA). Pre-processing 
steps were applied as described in the CAT12 manual (Gaser and 
Kurth, 2017). Affine-registered images were segmented into GM, white 
matter (WM), and cerebrospinal fluid (CSF) after denoising and 
bias-correction (Ashburner and Friston, 2005). Segmentation was 
refined by using the Adaptive Maximum-A-Posteriori (AMAP) estima-
tion approach, extended by accounting for partial volume effects. The 
Diffeomorphic Anatomic Registration Through Exponentiated Lie 
(DARTEL) algorithm was used for spatial normalization. Normalized 
segmented images were then modulated by linear and non-linear 
deformation (Jacobian determinant). Accordingly, estimated total 
intracranial volume was extracted in order correct of individual brain 
size in analysis. Next, surface and thickness projection-based estimations 
(Dahnke et al., 2013; Gaser and Kurth, 2017) with topological correction 
of brain surface meshes (Yotter et al., 2011a) were carried out in order to 
acquire the four surface measures CT, GI (based on absolute mean cur-
vature, Luders et al., 2006), FD (Yotter et al., 2011b), and SD (Gaser and 
Kurth, 2017). Finally, data was checked for sample homogeneity and 
images were smoothed with an 8 mm kernel for GMV, 15 mm kernel for 
CT and 20 mm kernel for cortical folding measures (GI, SD, FD), as 
recommended (Gaser and Kurth, 2017). An absolute gray matter 
threshold of 0.1 was applied for excluding edge effect artefacts. 

2.4. Region-based analysis of GMV and surface data 

Automated analyses were conducted using a region-based approach, 
carried out in CAT12 for both volume-based and surface-based measures 
for all brain regions. This type of approach estimates mean values (cm3) 
of regions by averaging across voxels within each region of an atlas, 
allowing detection of differences regardless of whether specific voxels 
overlap. For GMV the Neuromorphometrics atlas (provided in CAT12 by 
Neuromorphometrics, Inc. under academic subscription, http://Neur 
omorphometrics.com/) in DARTEL space was used and for the surface 
measures the “Desikan-Killiany-Tourville” Brain Atlas (Desikan et al., 
2006) was applied. 

2.5. Voxel-based GMV analysis of preselected regions (SVC) 

Additionally, we conducted GMV analysis restricted to specific vol-
umes using a voxel-based SVC approach that has been implemented by 

Table 1 
Sample characteristics.   

BPDwPTSD BPDwoPTSD NPC  
(n = 18) (n = 39) (n 

=

42)    
Variable Group mean (SD) or n Statistical 

Test 
P 

Age in years 31.6 (11.7) 29.2 (7.09) 28.6 
(10.3) 

F(2,96) =
0.639 

.530 

Estimated IQ 95.0 (8.2) 99.3 (10.3) 101.6 
(11.4) 

F(2,96) =
2.520 

.086 

BPDSI Total 30.57 
(6.31) 

32.33 (7.54) – t(55) =
− 0.861 

.393 

BSI Total a 2.09 (0.57) 1.54 (0.46) 0.19 
(0.25) 

F(2,38.0) 
= 193.32 

<0.001 

BPD Checklist 
a,b 

128.17 
(24.59) 

116.39 
(26.79) 

53.81 
(10.07) 

F(2,36.3) 
= 153.67 

<0.001 

ITEC Total a 86.77 
(36.85) 

56.14 
(30.26) 

6.7 (8.5) F(2,33.8) 
= 83.83 

<0.001 

Handedness 
(n, left/ 
right/ 
mixed) 

1/15/2 3/35/1 1/41/0 χ2(4) =
6.633 

.157 

Scanner site 
(n)      
Freiburg 
(GER) 

3 13 16   

Lübeck 
(GER) 

14 15 17   

Maastricht 
(NL) 

1 11 9    

a Tested with Welch-ANOVA due to heteroscedasticity. 
b Data unavailable for one NPC.Abbreviations: BPD = Borderline Personality 

Disorder, PTSD = Posttraumatic Stress Disorder, NPC = non-patient controls. 
BPDSI = Borderline Personality Disorder Severity Index; BSI = Brief Symptom 
Inventory; ITEC = Interview for Trauma Events in Childhood. 
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previous studies (Kuhlmann et al., 2013; Labudda et al., 2013; Niedtfeld 
et al., 2013). To attempt replication of previous findings from this 
approach, four masks were applied to the whole brain using the Neu-
romorphometrics atlas in DARTEL space corresponding to the pre-
selected regions: the bilateral hippocampus, amygdala, ACC, and DLPFC 
(the middle frontal gyrus and inferior frontal gyrus combined). 

As the goal of including this approach was specifically to attempt 
replication of the dominant fronto-limbic VBM findings (and especially 
in subcortical regions) in this field, the SVC method was only applied to 
GMV data and not surface data. 

2.6. Statistical analysis 

Whole brain voxel-based analyses were carried out in CAT12 using 
the full factorial option to set up five ANCOVA models with factor group 
(BPDwPTSD, BPDwoPTSD, NPC), one for each of the dependent vari-
ables GMV, CT, GI, FD, and SD. Age and scanner site were added as 
covariates of no interest. For GMV, TIV was also added as a covariate to 
account for different brain sizes. Differences between all BPD patients 
and NPC were examined via t-contrasts (first hypothesis). In order to 
investigate PTSD comorbidity effects in BPD patients (second hypothe-
sis), firstly an overall F-test of group differences was examined. If sig-
nificant overall group differences were found via this F-test, t-contrasts 
between BPDwPTSD and BPDwoPTSD were examined, masked by the F- 
test result. These analyses were corrected for multiple comparisons 
using the family-wise error rate (FWE) at voxel level at a threshold of p <
.05, following the procedure of previous studies (e.g. Besteher et al., 
2017; Nickel et al., 2018; Spalthoff et al., 2018). 

The same statistical models were applied for all region-based ana-
lyses in CAT12. The SVC analyses for the preselected volumes were 
conducted for GMV in SPM12. If these analyses revealed significant 
results, corrections for multiple comparisons were applied using the 
false discovery rate (FDR) at a threshold of p < .05, again following the 
procedure of previous studies (Nickel et al., 2018). T- and F-tests 
computed in CAT12 and SPM12 can be found in Supplemental Table S3. 

3. Results 

3.1. BPD patients vs. non-patient controls 

Neither the whole brain voxel-based VBM analysis (FWE-corrected at 
voxel level), nor the region-based analyses (FDR-corrected) revealed 

significant differences between BPD patients and NPCs. The additional 
SVC method analysis did not reveal significant differences. For 
completeness, uncorrected results of the SVC analyses of the preselected 
regions can be found in Supplemental Table S4. 

While the whole brain voxel-based analyses for all surface measures 
did not lead to significant group differences after correction for multiple 
comparisons (FWE), the region-based analysis in CAT12 revealed 
hypergyrification in BPD patients compared to NPC in the right superior 
parietal cortex (t = 3.43, pFDR = 0.03; Fig. 1). The patient group has a 
smaller distribution of GI values with a more distinct peak. The distri-
butions of the two groups overlap substantially. 

3.2. BPD patients with comorbid PTSD vs. BPD patients without comorbid 
PTSD 

The F-test for overall group differences was not significant for GMV 
in both whole brain voxel-based (FWE-corrected at voxel level) and 
region-based (FDR-corrected) analyses. Again, SVC analysis did not 
reveal significant differences between groups in preselected regions. 
Uncorrected results from the SVC analysis can be found in Supplemental 
Table S5. 

The analysis of surface measures did not reveal any significant group 
differences in whole brain voxel-based (FWE-corrected at voxel level) 
and region-based (FDR-corrected) analyses. 

4. Discussion 

We aimed to replicate the frequently reported volume reduction 
patterns in fronto-limbic regions in BPD (Nunes et al., 2009; Schmahl 
and Bremner, 2006), with automated procedures for voxel-based and 
region-based analyses. In our study, which set out to achieve larger 
clinical sample sizes from a multicenter RCT, group differences were not 
found between BPD patients and NPC in GMV. Some previously reported 
GMV alterations were suggested to be gender-specific, for example, with 
ACC reductions being more common in men (Mancke et al., 2015), 
which might explain why ACC alterations were not detected in this 
solely female sample. We are, however, not alone in reporting a lack of 
findings (e.g. Labudda et al., 2013). Nevertheless, although the pattern 
of abnormalities has been inconsistent across studies, with some reports 
of alterations in single areas such as the left amygdala but not in pre-
frontal regions (Rüsch et al., 2003) or the right orbitofrontal cortex but 
not the amygdala or hippocampus (Chanen et al., 2008), reductions in 
the amygdala and hippocampus have been found fairly consistently 
across studies (Nunes et al., 2009; Ruocco et al., 2012; Schmahl and 
Bremner, 2006), especially in women with BPD (Mancke et al., 2015) 
and remain the more dominant finding in the literature. Despite a 
thorough examination that set out to encompass approaches that have 
been implemented in morphology studies, we could not replicate this 
pattern of volumetric reduction in fronto-limbic regions. 

Our extension with cortical surface analyses did however reveal 
differences between BPD patients and NPCs. Hypergyrification was 
found in the right superior parietal cortex in BPD patients compared to 
NPCs. The superior parietal cortex has been associated with functional 
properties of cognitive processing, such as attention processes (Corbetta 
et al., 1995), conscious perception (Kanai et al., 2011), interhemispheric 
visuo-motor integration (Iacoboni, 2004) and working memory (Coull 
and Frith, 1998) as well as manipulation of the latter (Koenigs et al., 
2009). BPD patients typically show a maladaptation of these cognitive 
processes resulting in heightened attention to negative stimuli, a nega-
tively biased interpretation of neutral or ambiguous stimuli, as well as 
better access to negative memories (Baer et al., 2012). Additionally, 
hypergyrification in the right superior parietal cortex has been associ-
ated with increased impulsivity in healthy individuals (Hirjak et al., 
2017), which represents a key characteristic of BPD. However, the only 
other study to our knowledge that investigated abnormalities in cortical 
complexity in BPD found bilateral hypogyrification in the same region 

Fig 1. A. The right superior parietal cortex depicted in red (superior and lateral 
views) where differences in estimated mean values of GI were found in the 
region-based analysis for the BPD > NPC contrast. Results were FDR-corrected 
at a threshold of α = 0.05. B. Violin plots depicting the distribution of GI values 
of the right superior parietal cortex region (extracted from region-based anal-
ysis in CAT12) for BPD and NPC groups. 
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(Depping et al., 2018). Although it is difficult to determine contributing 
factors to the discrepancy, that study included a smaller BPD group 
without PTSD with a low rate of lifetime MDD comorbidity (5 from 17 
patients), and with limited additional information, as the focus was on a 
separate MDD patient group. Methodological differences could have 
also played a part, as a different technique was utilized to extract gyr-
ification indices and a more generous smoothing kernel of 25 mm was 
applied to the data. Abnormal gyrification in BPD and its association 
with impulsivity and other core symptoms of BPD will need to be 
investigated more extensively in future studies. 

Regarding group comparisons of BPD patients with and without 
comorbid PTSD, the analyses did not reveal any significant differences in 
GMV. Although structural reduction patterns were initially expected to 
be more pronounced in BPDwPTSD, these findings are in line with some 
previous studies that found many similarities in GMV in PTSD and BPD; 
that is, in the hippocampus, amygdala and ACC (Kitayama et al., 2005; 
O’Doherty et al., 2015). Studies comparing GMV in BPD patients with 
and without PTSD remain scarce but show somewhat similar results 
regarding reduction patterns, in which the groups did not always differ 
significantly. For instance, Schmahl and colleagues (2009) found 
reduced hippocampal volumes exclusively in BPD patients with PTSD 
compared to NPC while reporting no differences in amygdala volumes. 
However, Weniger et al. (2009) found reductions in both hippocampus 
and amygdala in BPD patients compared to NPC, which did not differ 
depending on comorbid PTSD. Similarly, Niedtfeld et al. (2013) also 
found reduced GMV in the hippocampus, amygdala, fusiform gyrus, and 
cingulate gyrus in BPD patients regardless of a diagnosis of comorbid 
PTSD. These findings suggest that structural differences between BPD 
patients with and without PTSD might be too subtle to be detected with 
VBM. Additionally, since no distinction in GMV in BPD patients 
compared to NPC was identified, it is not surprising that the second more 
exclusive group comparison did not reveal any significant results either. 

It was of special interest to investigate amygdala volumes in this 
study, as it has also been suggested that alterations in the amygdala 
might be the key to differentiate between BPD and PTSD, since re-
ductions have been reported in BPD but not in PTSD (Schmahl and 
Bremner, 2006). Increased volumes of the amygdala have been sug-
gested to be a key characteristic of MDD and thus may be a confounding 
factor when investigating amygdala volumes in BPD (Nunes et al., 
2009). Notably, 88% of BPD patients in this study were diagnosed with 
comorbid MDD. As highlighted by a study that also had a patient group 
with high MDD comorbidity rate and reported a lack of volumetric 
differences between patient and control groups, the absence of reduced 
amygdala findings might be due to a counter effect of an increased 
amygdala resulting from MDD (Schmahl et al., 2009). However, MDD 
comorbidity is very common and other studies with similarly high co-
morbid MDD prevalence have reported reduced amygdala volumes 
(Rüsch et al., 2003; Weniger et al., 2009). 

This leads to discussing a limitation of studies involving complex 
patient populations. BPD patients are often diagnosed with more than 
one comorbid disorder and need medication due to their severe symp-
tomatology (Leichsenring et al., 2011). First, our BPD patients presented 
with multiple comorbid disorders in addition to PTSD (see Supplemental 
Table S2), which were unable to be included in the analysis. Thus, it 
cannot be ruled out that the findings in this study may be confounded by 
effects of other disorders. Similarly, medication can also influence re-
sults in studies with patient populations and in this study, most BPD 
patients reported taking medication (mainly antidepressants) regularly. 
Nonetheless, the proportion of patients taking medication in the 
BPDwPTSD group compared to BPDwPTSD did not differ (see Supple-
mental Table S2). 

Furthermore, the generalizability of results is restricted because an 
all-female sample was investigated. BPD and PTSD may be more com-
mon in women, although this remains debatable as there may be con-
founding effects with comorbidities and other features of the disorder 
(Grant, 2009; Leichsenring et al., 2011). For these reasons, a more 

homogeneous group with only women was recruited, following the 
concept of several previous studies (Bøen et al., 2014; Bruehl et al., 
2013; de Araujo Filho et al., 2014; Depping et al., 2018; Labudda et al., 
2013; Niedtfeld et al., 2013; Richter et al., 2014; Schmahl et al., 2009, 
2003). Nevertheless, future studies should consider investigating sam-
ples of BPD patients with males as well to identify sex differences in BPD. 

Structural brain imaging is frequently used as a tool to investigate the 
neural underpinnings of BPD and its methods are constantly evolving. 
VBM is one of these methods and could replace manual tracing ap-
proaches in the long run as its automated technique highly improves 
objectivity of measuring brain volume, substantially shortens the time 
needed for analysis, and enhances comparisons between imaging studies 
(Voormolen et al., 2010). Importantly, region-based analyses can still be 
conducted with an automated approach in addition to whole brain 
voxel-wise analysis (Gaser and Kurth, 2017). Interestingly, a previous 
research group that reported the same lack of reduced volumetric 
findings from a VBM study additionally traced the hippocampus 
manually, but still found normal volumes in BPD patients (Kreisel et al., 
2015; Labudda et al., 2013). However, it could be argued that for 
smaller structures, especially the amygdala, where small normalization 
errors could lead to substantial effects on results, adding manual tracing 
methods for specific regions could still be beneficial in addition to 
automated methods (Yoshikawa et al., 2006). 

GMV reductions in the hippocampus and amygdala have been 
associated with trauma experience in early childhood, such as severe 
sexual abuse (Nunes et al., 2009). It has been suggested that traumatic 
stress might play an important role in the development of these struc-
tural reduction patterns in BPD, as the experience of trauma is quite 
common in this disorder (Nunes et al., 2009). This was indeed the 
motivation for investigating distinctions arising from PTSD diagnosis. 
While one traumatic event may be sufficient for a manifestation of PTSD 
(American Psychiatric Association, 2013), the number and intensity of 
traumatic experiences might vary extensively between individuals and 
further impact structural changes. A post hoc exploration of the ITEC 
scores of all patients did not reveal correlations with any of the pre-
selected regions. However, investigating the characteristics and severity 
of trauma experiences in a larger sample of patients with comorbid PTSD 
as an additional factor in the development of BPD, its symptom severity, 
and its corresponding structural differences is an important task for 
future studies. 

SBM is a more novel approach which could have an incremental 
value to VBM. For example, the measures for cortical complexity have 
been associated with different implications than alterations in volume 
measures (Anticevic et al., 2008). For this reason, it has been suggested 
to combine VBM and SBM (Depping et al., 2018) to gain a more complex 
insight in structural abnormalities of clinical disorders. A recent study 
examining different multimodal models for predicting outcomes from 
therapy in BPD patients did report better prediction accuracy from 
combining functional MRI and region-based morphometry measures 
(Schmitgen et al., 2019). Their proof of principle could be enhanced by 
investigating the potential benefit of adding SBM measures to improve 
prediction of therapy outcomes even further. 

Our study revealed hypergyrification in the superior parietal cortex 
in female BPD patients in the absence of volumetric differences but no 
distinction in volumetric and surface measures with regard to PTSD 
diagnosis. Altogether, this study sets an example for investigating 
structural abnormalities in psychiatric disorders such as BPD in light of 
the bigger picture regarding the complexity of symptomatology and is 
one of the few studies to report both volume-based and surface-based 
measures. Validation of a standard procedure for combining these 
measures in future studies is needed and will be an important task in the 
research to come. 
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