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Borderline Personality Disorder (BPD) is clinically characterized by emotional instability, interpersonal disturbances and dysfunctional behavior such as non-suicidal self-injury (NSSI). During NSSI, patients with BPD typically report analgesic or hypoalgesic phenomena, and pain perception and pain processing in BPD have been repeatedly investigated. Most of the studies so far focused on affective-motivational and cognitive-evaluative neural components of pain within categorial study designs. By contrast, rather basic somatosensory aspects such as neural intensity-encoding of somatosensory stimuli were not examined in further details. Thus, we investigated patients with BPD and healthy controls (HC) by functional magnetic resonance imaging (fMRI) during an unpleasant sensory stimulation task with parametrically increasing stimulus intensities. 15 females diagnosed with BPD and 15 HCs were investigated with fMRI during four individually adjusted levels of electrical stimulus intensities. Ratings of stimulus intensity were assessed by button presses during fMRI. fMRI-data were analyzed by analyses of variances (ANOVA) at a statistical threshold of p < 0.05 FWE-corrected on cluster level. Subjective ratings of stimulus intensities were alike between BPD and HC, and intensity levels identified with equal accuracy. Significant intensity-encoding neural activations were observed within the primary and secondary somtasensory cortex, the posterior insula, the posterior midcingulate cortex (pMCC) and the supplementary motor area (SMA) in both, HC and BPD. Notably, there were no significant between-groups differences in intensity-encoding neural activations, even at lowered significance thresholds. Present results suggest a similar neural somatosensory stimulus intensity encoding in BPD as previously observed on a behavioral level. The alterations in neural affective-motivational or cognitive-evaluative components reported so far may be restricted to pain rather than unpleasant stimulus processing and were absent in our study.
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INTRODUCTION

Borderline Personality Disorder (BPD) is a highly prevalent Cluster B personality disorder clinically characterized by emotional instability, interpersonal disturbances and dysfunctional behavior such as non-suicidal self-injury (NSSI) (Al-Alem and Omar, 2008). NSSI is often expressed as cutting or burning and suggested to serve as affect regulation by decreasing aversive inner tension (Shearer, 1994; Kleindienst et al., 2008). During NSSI, patients with BPD frequently report hypo- or analgesic phenomena (Leibenluft et al., 1987) and alterations in pain perception and pain processing were investigated in various studies (Schmahl et al., 2004, 2006; Schmahl and Bremner, 2006; Ludäscher et al., 2007; Niedtfeld et al., 2010, 2017).

Pain is considered as a nociceptive stimulus and as a fundamental sensory and affective state (Perl, 2007) and neuroimaging studies observed reliable neural activation within a broad network of brain regions (Iannetti and Mouraux, 2010). Whereas initial reports assumed a ‘pain-specific’ neural activation, more recent studies proposed that this network is not specifically activated by nociceptive stimuli rather than representing different submodalities of somatosensation (for review Iannetti and Mouraux, 2010). Thus, distinct but interacting subnetworks were described. The primary (SI) and secondary (SII) somatosensory cortex as well as the posterior insula are thought to encode sensory discriminative features (stimulus location, intensity and duration). In contrast, activation of the anterior insula and the anterior cingulate cortex (ACC) were assigned to the affective-motivational component (Davis, 2000; Peyron et al., 2000). Considering the distinct cingulate subdivisions (Vogt and Paxinos, 2014), anterior parts of the ACC such as the pregenual proportion (pgACC) are thought to encode affective responses (Vogt et al., 1996), whereas rather dorsal parts such as the dorsal anterior or midcingulate cortex (MCC) were associated with sensory features, cognitive and premotor functions in neural somatosensory processing (Büchel et al., 2002; Vogt, 2016; Tan et al., 2017).

Various studies mainly focused on pain perception in BPD and observed reduced pain sensitivity (Bohus et al., 2000; Schmahl et al., 2004, 2006; Ludäscher et al., 2007; Cárdenas-Morales et al., 2011). Neuroimaging studies demonstrated an altered neural pain processing in BPD with increased neural activation within the dorsolateral prefrontal cortex (dlPFC) but otherwise attenuated activation of the pgACC and of limbic regions such as the amygdala (Schmahl et al., 2006; Niedtfeld et al., 2010, 2017). This pattern was interpreted as a neuroanatomical proxy of an anti-nociceptive mechanism through downregulation of the emotional aspects of pain processing by increased top-down regulation. Based on this presumption of a changed affective appraisal of pain, subsequent studies mainly focused on the interaction of affect regulation (Niedtfeld et al., 2010) or social exclusion (Bungert et al., 2015) with pain processing, and on underlying functional connectivity in BPD (Kluestch et al., 2012; Niedtfeld et al., 2012).

However, rather somatosensory aspects such as the neural encoding of stimulus intensities have not yet been examined in detail in BPD, and most of the studies were conducted using particularly categorial designs by comparing neural activation under high versus low levels of painful stimuli (Schmahl et al., 2006; Niedtfeld et al., 2010, 2012, 2017; Kluestch et al., 2012). We therefore investigated patients with BPD and healthy controls (HC) by functional magnetic resonance imaging (fMRI) using a parametric study design with increasing levels of electrical stimulus intensities. Insofar, we planned the present study to bridge a gap between sensory extrema of pain processing and the encoding of basic sensory discriminative neural representation in BPD and specifically on neural correlates of parametrically increased stimulus intensities. The physiological neural encoding of stimulus intensity has been demonstrated by intensity-dependent activations within the SI, SII (Bornhövd et al., 2002; Valmunen et al., 2009; Grundmann et al., 2011; Case et al., 2016), the posterior insula (Ostrowsky, 2002; Geuter et al., 2017) and in dorsal subdivisions of the cingulate cortex (Büchel et al., 2002; Geuter et al., 2017). We expected disorder specific changes of these neural correlates considering reduced overall pain sensitivity in BPD (Bohus et al., 2000; Schmahl et al., 2004; Ludäscher et al., 2007).

MATERIALS AND METHODS

Subjects

We investigated a clinical sample of 15 females diagnosed with BPD and 17 female HC matched for age and education within a case control design. The same sample was also investigated in a set of different experiment of which data will be reported elsewhere. After fMRI data acquisition, we detected fMRI artifacts in two subjects of the HC group that were then excluded from further analyses. Thus, our sample size in final analyses consisted of 15 patients diagnosed with BPD and 15 HC. A summary of the demographical data of patients included in final analyses is provided in Table 1. Patients with BPD were recruited from inpatient and outpatient units of the Department of Psychiatry and Psychotherapy of the Ulm University Hospital. HC were recruited from the campus of Ulm University. All participants gave written informed consent prior to the study that was approved by the local ethical committee of Ulm University and conducted in accordance with the Declaration of Helsinki.

TABLE 1. Summary of demographical data and psychometric measures in patients with borderline personality disorder (BPD; n = 15) and healthy controls (HC; n = 15).
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Participants with any severe medical, substance use, or psychotic disorders were excluded from the study. Exclusion criteria for HC were any current or lifetime psychiatric disorder. In the BPD group, 13 patients were diagnosed with a comorbid major depressive disorder; in the two remaining patients, depression was remitted at the time of investigation. Moreover, 8 patients with BPD also met criteria of posttraumatic stress disorder, and 2 further patients met criteria of dysthymia according to DSM-IV. Psychopharmacological treatment in patients with BPD was not interrupted except of sedative medication prior to fMRI scanning. In detail, 13 patients with BPD took antidepressant medication (2 fluoxetine, 1 trimipramine and venlafaxine, 1 fluoxetine and mirtazapine, 1 tranylcypromine and lithium, 1 sertraline and mirtazapine and doxepine, 1 sertraline and mirtazapine, 1 sertraline, 1 escitalopram, 1 mirtazapine, 1 venlafaxine, 1 sertraline and bupropion, 1 bupropion). None of the subjects in the BPD-group took any other medication other than mentioned, and none of the subjects in the HC-group took any medication. Notably, none of the subjects of either group took analgesic medication, neither temporarily nor continuously.

Psychometric Measurements

Current or past psychiatric disorders were assessed by one of the study psychologists or physicians using the Structured Clinical Interview for DSM-IV (SCID-I and -II; First et al., 1997). Symptom severity in BPD was assessed by the Borderline Symptom List (BSL; Bohus et al., 2007) and current depressive symptoms were examined by the Beck Depression Inventory (second edition, BDI-II; Beck et al., 1996) in its German version (Hautzinger et al., 2006). To assess impulsivity as personality trait we applied the Barratt Impulsiveness Scale in its 11th revision (BIS-11; Barratt, 1994; Patton et al., 1995). The BIS-11 is a self-reporting questionnaire that contains 30 items, each rated on a 4-point Likert scale ranging from 1 (rarely/never) to 4 (almost always). Thus, higher sum-scores reflect higher trait impulsivity. Two-sided unpaired t-tests were computed to analyze demographical data and psychometric scales at a statistical significance level of p < 0.05 (see Table 1). To examine whether patients with BPD were engaged in actual self-injurious behavior, self-mutilation was assessed by the Functional Assessment of Self-Mutilation (FASM) (Lloyd, 1997) in its German version (Kaess et al., 2013). The corresponding results are provided in our Supplementary Material (Supplementary Table S1).

fMRI Experimental Task

During fMRI we used an established scalable electric stimulation equipment that has been shown to induce unpleasant (but not painful) somatosensation (Adolph et al., 2010; Cárdenas-Morales et al., 2011; Bonenberger et al., 2015a,b) Somatosensory unpleasant stimuli during fMRI were applied via electric stimulation in 4 parametrically increasing levels of intensity over the dorsum of the left, non-dominant hand. Electrical stimulation was applied on entirely intact skin. One stimulus consisted of a train of four electrical square pulses with duration of 1 ms each (500 Hz). The train was delivered at a frequency of 20 Hz for 1 s by a constant current stimulator that was built into a conventional device for electromyographic investigations (Medtronic Dantec Keypoint portable, Skovlunde, Denmark). The experimental stimuli were conform to the guidelines for experimental pain (non-invasive, no tissue damage, avoiding movement, ethically acceptable, reproducible, and physiologically relevant) (Petersen-Felix and Arendt-Nielsen, 2002). Subjects rated stimulus intensity by button presses on a four-button box in their right hand and were instructed by speed versus accuracy. To control for effects of expectation and attention, a signal tone was presented 1.5 s before applying the electrical stimuli. A total of 24 electrical stimuli (6 per level) were applied in a pseudo-randomized order during the fMRI scan. The interstimulus interval between stimuli of the same intensity was 24.3 s. Entire duration was 10 min and 43 s for the whole task.

Individual upper and lower boundaries of the 4 stimulus intensity levels were assessed prior to fMRI-scanning. In detail, the minimum stimulus intensity was assessed as the lowest level the subject reliably perceived the stimulus (defined as level 1). Subjects gave direct feedback and permission to increase stimulus intensity (after each single step). Current amplitude could be varied in steps of 0.1 mA. Intensity of the electrical stimulus was then increased stepwise to the individual maximum intensity that was perceived as unpleasant but not painful (defined as level 4) such that subjects were willing to experience this intensity level repeatedly. Intensity levels 2 and 3 were spaced equidistantly in-between levels 1 and 4. After the individual assessment, subjects were trained to correctly rate the stimulus levels 1 to 4 with stimuli provided in randomized order.

Due to technical conditions, we had to use different stimulus electrodes for 4 participants of the HC and for the whole BPD group that restricted the direct comparison of electrical stimulus intensity levels between groups (see Supplementary Material for details on stimulus electrodes). Thus, ratios of maximum (level 4) and minimum stimulus intensities (level 1) were computed and served for group comparisons. Two-sided t-tests (p < 0.05) were calculated to analyze accuracy of stimulus ratings and the ratio of stimulus intensity levels.

fMRI Data Acquisition

Functional imaging data were obtained by a 3T MAGNETOM Allegra (Siemens, Erlangen, Germany). High resolution anatomical T1-weighted images (1 × 1 × 1 mm voxels) were obtained (bandwidth (BW) = 130 Hz/Pixel, repetition time (TR) = 2500 ms, inversion time (TI) = 1.1 s, echo time (TE) = 4.57 ms, flip angle = 12°). T2∗-weighted functional MR images were obtained using gradient echo-planar imaging sequences. 35 transversal slices were recorded at a TR of 2000 ms with an image size of 64 × 64 pixels, a field of view (FOV) with 230 mm, a slice thickness of 2.5 mm and an interslice gap of 0.5 mm. TE was 33 ms with a flip angle of 90°. In total, 305 volumes were recorded during the sensory stimulation task. The first 6 volumes were discarded from further analyses to allow for T1 equilibration.

fMRI Data Analysis

Image preprocessing and statistical analyses we carried out by using Statistical Parametric Mapping (SPM12, Wellcome Department, London, United Kingdom) with a random effects model for group analyses. Data were preprocessed including slice time correction, realignment, and normalization into a standard template (Montreal Neurological Institute, MNI). Smoothing was applied with an 8- mm FWHM isotropic Gaussian kernel. Intrinsic autocorrelations were accounted for by AR(1) and low frequency drifts were removed via high-pass filtering.

For individual first level analyses, a general linear model was used to estimate the height of neural activation associated with each of the four stimulus intensities. Onsets of individual trials for each of the four different intensity levels were modeled as stick functions and were convolved with the hemodynamic response function. Regressors representing the 6 motion parameters were added to the design matrix in addition and were integrated into the statistical design as were the onsets of the preceding warning tone and motor responses as regressors of no interest.

For second level group analysis, we computed analyses of variances (ANOVA) with the factors ‘group’ (HC, BPD) and ‘condition’ (stimulus intensity levels) including first level contrast images for each stimulus intensity level. A main effect ‘condition’ and a ‘group’-by-‘condition’ interaction effect were modeled. One tailed directed t-contrasts were conducted to test for differential parametric effects (increasing stimulus intensity levels) in BPD and HC separately. Between group differences of parametric increases were tested on significance with one tailed t-contrasts (HC > BPD; HC < BPD). Also, a conjunction analyses was computed to examine conjointly significant clusters of increasing neural activation in BPD and HC. Statistical inference levels were the same as for all analyses above: p < 0.001, uncorrected at the voxel level in combination with a minimum cluster size of 167 contiguously significant voxels to infer significant clusters at a level of p < 0.05 for FWE-correction at the cluster level.

To verify our results from fMRI, we computed further analyses that are summarized in the Supplementary Material section: To summarize here, we controlled for medication and conducted a sub-group analyses between the 13 patients with BPD that were on antidepressive medication and HC (see Supplementary Table S2). Second, we considered differences in impulsiveness as measured by the BIS for between-group analyses, and conducted a two-sample t-test including the individual values of this scale as a covariate. Third, taking into account the previous neural alterations in pain processing within the dlPFC and the pgACC in BPD (Schmahl et al., 2006), we extracted parameter estimates from clusters comprising peak voxel activation as provided by Schmahl et al. (2006) surrounded by a 5 mm sphere (see Supplementary Figure S1). At least, we conducted power analyses from these data to estimate the sample sizes that would be necessary to keep the null hypothesis with second order error probability of beta=p < 0.20 (i.e., power of 0.8).

RESULTS

Demographical and Behavioral Data

In line with the clinical diagnosis, significant higher sum-scores in the BSL and BIS were observed in patients with BPD compared to HC. Furthermore, patients with BPD showed higher BDI-II ratings relative to HC. Mean total scores of the psychometric measurements, as well as t- and p-values associated with group comparisons are summarized in Table 1. Regarding the behavioral responses in our stimulation task during fMRI, patients with BPD and HC rated stimulus intensity levels with equal accuracy (false responses: BPD mean = 8.40, sem = 0.83; HC mean = 8.87, sem = 0.80; t(2,28) = 0.41; p = 0.688). However, a trend toward a slightly higher ratio of stimulus intensity was observed in BPD compared to HC (Maximum unpleasant intensity level / minimum unpleasant intensity level: BPD mean = 7.00, sem = 1.04, HC mean = 4.42, sem = 0.71; t(2,28) = −2.04; p = 0.050).

fMRI Data

Regarding neural activation encoding increasing stimulus intensities, our whole brain analysis observed a significant (p < 0.05 FWE-corrected) neural response pattern within the bilateral primary somtasensory cortex (SI), right secondary somatosensory cortex (SII) and posterior and middle insula as well as in right posterior midcingulate cortex (pMCC) and supplementary motor area (SMA) in HC. In BPD-patients, neural activation within bilateral SI and SII, bilateral posterior and left middle insula, pMCC/SMA and cerebellum corresponded significantly to increasing stimulus intensity at the same statistical threshold as in HC. A conjunction analysis revaeled conjontly significantly increasing neural activation within right SI, SII, posterior insula and right pMCC/SMA with increasing sensory stimulus intensities in both groups (see Figure 1 and Table 2). Between-group comparisons revealed no significant differences in differential neural activation between BPD and HC, even when abandoning family-wise error correction at the cluster level. The corresponding BOLD-signal time courses are provided in our Supplementary Material (see Supplementary Figure S2). Results from sub-group analyses (see Supplementary Table S2) and between-group comparison including BIS as covariates are also provided in our Supplementary Materials. Briefly, also in the presence of this covariate, no significant between-group differences emerged.

TABLE 2. Significant (p < 0.05; FWE-corrected on cluster-level) neural activation in whole brain analysis corresponding to increasing sensory stimulus intensities in HC (n = 15) and patients with borderline personality disorder (BPD; n = 15).
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FIGURE 1. fMRI-results from whole brain analysis of neural activation during the sensory stimulation task with increasing stimulus intensities (levels 1 to 4) in patients with BPD and HC.



Brain slides depict significant (p < 0.05 FWE-corrected on cluster level) neural activation under increased sensory stimulus intensities in BPD, HC and in both groups (conjunction analyses). Bar charts show fMRI parameter estimates extracted from peak voxel activation in the conjunction analyses within the pMCC/supplementary motor area (SMA) and the posterior insula/secondary somatosensory cortex (postIns/SII) with standard errors of the mean. MNI-coordinates [x,y,z] are provided in mm.

DISCUSSION

We investigated patients with BPD and HC using fMRI to specifically investigate neural activation encoding the somatosensory discrimination of increasing unpleasant electrical stimulus intensities. Behavioral results during the sensory electrical stimulation task demonstrated, that both, patients with BPD and HC rated intensity levels with equal accuracy. However, slightly higher ratios of stimulus intensities had to be applied in BPD. During fMRI, neural activation within bilateral SI, right SII, posterior and middle insula as well as in right pMCC/SMA increased as a function of stimulus intensity in HC. Likewise, in patients with BPD, neural activation increased with elevated intensities within bilateral SI and SII, bilateral posterior and the left middle insula, pMCC/SMA and cerebellum. A conjunction analysis confirmed that the neural activation pattern within right SI, SII, posterior insula and right pMCC/SMA was alike in both groups. Reliable between-group differences were not to observe.

In line with the diagnoses of our clinical sample, we found higher levels of impulsivity as personality trait and higher borderline symptom severity in patients with BPD compared to HC. Self-rated depressive symptoms were more frequent in the BPD group and in line with the well-known high comorbidity between depression and BPD (Distel et al., 2016). In our fMRI sensory electrical stimulation task, we observed a trend to a higher ratio of the maximum to minimum stimulus intensity in patients with BPD compared to HC. The higher ratio may refer to the reduced pain sensitivity regarding experimental pain as previously observed in BPD (Bohus et al., 2000; Ludäscher et al., 2007). Notably, this conclusion has to be regarded with caution considering that in our study two different electrodes were used within the HC group but also between groups. This critically restricted comparability, but did not interfere with our purpose to investigate the discrimination of different stimulus intensity levels rather than pain perception. Patients with BPD and HC rated the stimulus intensity levels with equal accuracy. This is in line with a previous investigation in BPD conducted with a similar sensory stimulation task with parametrically increasing levels of intensities (Cárdenas-Morales et al., 2011). Moreover, this result is in accordance with the assumption that patients with BPD do not reveal generalized somatosensory deficits (Pavony and Lenzenweger, 2013).

An unimpaired sensory discrimination of unpleasant sensory stimulus intensity in BPD is not only supported by our behavioral results, but also by similar neural activation while encoding stimulus intensity compared to HC. Parallel to increasing stimulus levels, we observed an increase in neural activation within SI and SII. The contribution of these regions to neural intensity coding has been consistently demonstrated (Bornhövd et al., 2002; Valmunen et al., 2009; Grundmann et al., 2011; Case et al., 2016). Other intensity-encoding neural activation were observed within the posterior insula. This pattern of activation is supported by a recent fMRI study conducted with model-based analyses that underpinned the stimulus intensity-encoding role of the posterior insula also regarding innocuous stimuli as used in our study (Ostrowsky, 2002; Geuter et al., 2017). It is further in line with the functional posterior to anterior gradient within the insular cortex due to its cytoarchitectonic organization (Cerliani et al., 2012; Nieuwenhuys, 2012). According to this theory, rather posterior parts encode somatosensory features (Nieuwenhuys, 2012) owing to the direct spinothalamic input (Dum et al., 2009) and the functional and structural connection to somatosensory cortices (Wiech et al., 2014) of this subdivision.

Neural stimulus intensity scaling was further observed in the cingulate cortex in both, patients with BPD and HC. While ventral parts of the cingulate cortex such as the pgACC are related to affective coding (Vogt et al., 1996) and thought to be decreased in BPD (Schmahl et al., 2006; Niedtfeld et al., 2010, 2017), rather dorsal subdivisions are most likely associated with somatosensory stimulus processing (Büchel et al., 2002; Vogt, 2016; Tan et al., 2017). Specifically, neural activation within the pMCC as found in our study has been assigned to noxious but also innocuous cutaneous stimulation (Vogt, 2016) and align with stimulus intensity (Büchel et al., 2002; Geuter et al., 2017). Together with the SMA, this activation may contribute to a neural control mechanism over reflexive motor activity (Vogt, 2016).

Despite the finding that intensity-encoding neural activation was more extended in BPD than in HC, it is of note that we found no significant differences in comparison to HC. Only within the cerebellum, a neural intensity scaling was found in BPD but not in HC. Although the stimulus encoding role of the cerebellum has been previously described (Helmchen et al., 2003), a disorder-specific alteration in cerebellar activation in BPD cannot be infered due to the lack of significant group differences. Furthermore, neural activation in this region owing to stimulus intensity was also found in HC under a more lenient statistical threshold of p < 0.001, with no cluster-size correction for multiple comparisons.

Thus, our results lend further support for a similar behavioral discrimination and neural encoding of somatosensory stimulus intensities in BPD compared to HC. This is in line with previous investigations finding unimpaired exteroception (Pavony and Lenzenweger, 2013) and similar discrimation of aversive stimuli intensities in BPD compared to HC (Cárdenas-Morales et al., 2011) on a behavioral level. Present lack of neural alterations in cerebral networks linked to the affective component of pain as found in other studies in BPD (Schmahl et al., 2006; Niedtfeld et al., 2017) may be owed to the fact that our clinical sample was investigated under antidepressant medication. Apart from the antinociceptive effects of antidepressants (Singh et al., 2001; Sikka et al., 2011), their impact on brain activations especially on brain regions contributing to the affective component of somatosensory stimulus processing such as the pgACC or the amygdala, has been well established (Wessa and Lois, 2015). This interpretation is supported when taking into account that alterations in affective-motivational components of cerebral networks processing pain under painful stimulation in BPD were observed in the absence of medication (Schmahl et al., 2006; Ludäscher, 2010; Niedtfeld et al., 2010, 2017). Also, the lack of alterations in affective-motivational components in the present BPD sample compared to HC may rely on our study design considering that we applied unpleasant but not painful stimulus intensities. One could assume that a further increase of intensity levels up to painful stimulation may exceed a threshold with regard to saliency, that initiates the previously described alterations in affective appraisal in BPD (Schmahl et al., 2006; Niedtfeld et al., 2010, 2017). However, this remains speculative and to examine this issue would require a study design including increasing levels of innocuous but also noxious, painful stimuli. Another limitation arises by the comorbid depressive disorder in our group of BPD patients. A current meta-analysis assumes that variable and multiple factors contribute to the interaction of depressive disorder and pain perception (Thompson et al., 2016) but results from neuroimaging studies are scarce (Bär et al., 2007; Strigo et al., 2008, 2013). Nonetheless, it seems unlikely that the comorbid depression drove the approximation of neural intensity-encoding in BPD toward that in HC.

Due to the experimental setup, the current dissociative or emotional state immediately prior to the electrical stimulation were not assessed in BPD in our study. This may represent a limitation considering their impact on pain sensitivity and on neural pain processing network (Ludäscher, 2010; Orenius et al., 2017). Moreover, our study was conducted with a relatively small sample size considering that well-characterized patients with BPD without comorbid psychiatric disorder other than depression are hard to acquire. This compromises the generalizability of our data but power analyses (see Supplementary Material) revealed that approximately 55 to 60 participants in each group were necessary to keep the null hypothesis with an error rate of at least 0.2. Thus, our results await empirical replication with larger samples.

In summary, we could demonstrate stimulus intensity encoding neural activations within the primary and secondary somatosensory cortex, the posterior insula and the pMCC and adjacent the SMA in BPD which appear to be alike to those in HC. Thus, our study may lend further support for unimpaired basic somatosensory stimulus processing as already observed on a behavioral level (Cárdenas-Morales et al., 2011). The alterations in neural networks related to affective-motivational or cognitive-evaluative components of pain processing previously described in BPD may have been ameliorated by antidepressant medication or, alternatively or complementary, may be restricted to the neural processing of pain rather than unpleasant, innocuous sensory stimuli as used in our study.

AUTHOR CONTRIBUTIONS

HG and KM contributed substantially to the work, analyzed and interpreted the data, and drafted the manuscript. BA, RB, GG, and PP contributed substantially to the work, interpreted the data, and revised the manuscript critically for important intellectual content. MB, DN, and RB obtained the data. All the authors approved the final version to be published and agreed to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved.

FUNDING

PP received research funding from the German Federal Ministry of Education and Research, the German Federal Institute for Drugs and Medical Devices, the Baden-Wuerttemberg Foundation, the VW Foundation, Lundbeck and Servier. He received a speaker’s honorarium from Shire.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpsyg.2018.01853/full#supplementary-material

REFERENCES

Adolph, O., Köster, S., Georgieff, M., Bäder, S., Föhr, K. J., Kammer, T., et al. (2010). Xenon-induced changes in CNS sensitization to pain. Neuroimage 49, 720–730. doi: 10.1016/j.neuroimage.2009.08.034

Al-Alem, L., and Omar, H. A. (2008). Borderline personality disorder: an overview of history, diagnosis and treatment in adolescents. Int. J. Adolesc. Med. Health 20, 395–404.

Bär, K. J., Wagner, G., Koschke, M., Boettger, S., Boettger, M. K., Schlösser, R., et al. (2007). Increased prefrontal activation during pain perception in major depression. Biol. Psychiatry 62, 1281–1287. doi: 10.1016/j.biopsych.2007.02.011

Barratt, E. S. (1994). “Impulsiveness and aggression,” in Violence and Mental Disorder: Developments in Risk Assessment, eds J. Monahan and H. J. Steadman (Chicago, IL: University of Chicago Press), 61–79. Available at: https://press.uchicago.edu/ucp/books/book/chicago/V/bo3684057.html

Beck, A. T., Steer, R. A., and Brown, G. K. (1996). Manual for the beck depression inventory-II, San Antonio, TX. Psychol. Corp. 1:82.

Bohus, M., Limberger, M., Ebner, U., Glocker, F. X., Schwarz, B., Wernz, M., et al. (2000). Pain perception during self-reported distress and calmness in patients with borderline personality disorder and self-mutilating behavior. Psychiatry Res. 95, 251–260. doi: 10.1016/S0165-1781(00)00179-7

Bohus, M., Limberger, M. F., Frank, U., Chapman, A. L., Kuhler, T., and Stieglitz, R. D. (2007). Psychometric properties of the borderline symptom list (BSL). Psychopathology 40, 126–132. doi: 10.1159/000098493

Bonenberger, M., Plener, P. L., Groschwitz, R. C., Grön, G., and Abler, B. (2015a). Differential neural processing of unpleasant haptic sensations in somatic and affective partitions of the insula in non-suicidal self-injury (NSSI). Psychiatry Res. – Neuroimag. 234, 298–304. doi: 10.1016/j.pscychresns.2015.10.013

Bonenberger, M., Plener, P. L., Groschwitz, R. C., Grön, G., and Abler, B. (2015b). Polymorphism in the μ-opioid receptor gene (OPRM1) modulates neural processing of physical pain, social rejection and error processing. Exp. Brain Res. 233, 2517–2526. doi: 10.1007/s00221-015-4322-9

Bornhövd, K., Quante, M., Glauche, V., Bromm, B., Weiller, C., and Büchel, C. (2002). Painful stimuli evoke different stimulus-response functions in the amygdala, prefrontal, insula and somatosensory cortex: a single-trial fMRI study. Brain 125, 1326–1336. doi: 10.1093/brain/awf137

Büchel, C., Bornhovd, K., Quante, M., Glauche, V., Bromm, B., and Weiller, C. (2002). Dissociable neural responses related to pain intensity, stimulus intensity, and stimulus awareness within the anterior cingulate cortex: a parametric single-trial laser functional magnetic resonance imaging study. J. Neurosci. 22, 970–976. doi: 10.1523/JNEUROSCI.22-03-00970.2002

Bungert, M., Koppe, G., Niedtfeld, I., Vollstädt-Klein, S., Schmahl, C., Lis, S., et al. (2015). Pain processing after social exclusion and its relation to rejection sensitivity in borderline personality disorder. PLoS One 10:1–22. doi: 10.1371/journal.pone.0133693

Cárdenas-Morales, L., Fladung, A. K., Kammer, T., Schmahl, C., Plener, P. L., Connemann, B. J., et al. (2011). Exploring the affective component of pain perception during aversive stimulation in borderline personality disorder. Psychiatry Res. 186, 458–460. doi: 10.1016/j.psychres.2010.07.050

Case, L. K., Laubacher, C. M., Olausson, H., Wang, B., Spagnolo, P. A., and Bushnell, M. C. (2016). Encoding of touch intensity but not pleasantness in human primary somatosensory cortex. J. Neurosci. 36, 5850–5860. doi: 10.1523/JNEUROSCI.1130-15.2016

Cerliani, L., Thomas, R. M., Jbabdi, S., Siero, J. C. W., Nanetti, L., Crippa, A., et al. (2012). Probabilistic tractography recovers a rostrocaudal trajectory of connectivity variability in the human insular cortex. Hum. Brain Mapp. 33, 2005–2034. doi: 10.1002/hbm.21338

Davis, K. D. (2000). The neural circuitry of pain as explored with functional MRI. Neurol. Res. 22, 313–317. doi: 10.1080/01616412.2000.11740676

Distel, M. A., Smit, J. H., Spinhoven, P., and Penninx, B. W. (2016). Borderline personality features in depressed or anxious patients. Psychiatry Res. 241, 224–231. doi: 10.1016/j.psychres.2016.05.007

Dum, R. P., Levinthal, D. J., and Strick, P. L. (2009). The spinothalamic system targets motor and sensory areas in the cerebral cortex of monkeys. J. Neurosci. 29, 14223–14235. doi: 10.1523/JNEUROSCI.3398-09.2009

First, M. B., Spitzer, R. L., Gibbon, M., and Williams, J. B. W. (1997). User’s Guide for the Structured Clinical Interview for DSM-IV Axis I Disorders SCID-I: Clinician Version. Washington, DC: American Psychiatric Publishing.

Geuter, S., Boll, S., Eippert, F., and Büchel, C. (2017). Functional dissociation of stimulus intensity encoding and predictive coding of pain in the insula. Elife 6:e24770. doi: 10.7554/eLife.24770

Grundmann, L., Rolke, R., Nitsche, M. A., Pavlakovic, G., Happe, S., Treede, R. D., et al. (2011). Effects of transcranial direct current stimulation of the primary sensory cortex on somatosensory perception. Brain Stimul. 4, 253–260. doi: 10.1016/j.brs.2010.12.002

Hautzinger, M., Keller, F., and Kühner, C. (2006). Beck Depressions-Inventar (BDI-II). Frankfurt: Harcourt Test Services.

Helmchen, C., Mohr, C., Erdmann, C., Petersen, D., and Nitschke, M. F. (2003). Differential cerebellar activation related to perceived pain intensity during noxious thermal stimulation in humans: a functional magnetic resonance imaging study. Neurosci. Lett. 335, 202–206. doi: 10.1016/S0304-3940(02)01164-3

Iannetti, G. D., and Mouraux, A. (2010). From the neuromatrix to the pain matrix (and back). Exp. Brain Res. 205, 1–12. doi: 10.1007/s00221-010-2340-1

Kaess, M., Parzer, P., Mattern, M., Plener, P. L., Bifulco, A., Resch, F., et al. (2013). Adverse childhood experiences and their impact on frequency, severity, and the individual function of nonsuicidal self-injury in youth. Psychiatry Res. 206, 265–272. doi: 10.1016/j.psychres.2012.10.012

Kleindienst, N., Bohus, M., Ludäscher, P., Limberger, M. F., Kuenkele, K., Ebner-Priemer, U. W., et al. (2008). Motives for nonsuicidal self-injury among women with borderline personality disorder. J. Nerv. Ment. Dis. 196, 230–236. doi: 10.1097/NMD.0b013e3181663026

Kluestch, R. C., Schmahl, C., Niedrfeld, I., Densmore, M., Calhoun, V. D., Daniels, J., et al. (2012). Alterations in default mode network connectivity during pain processing in borderline personality disorder. Arch. Gen. Psychiatry 69, 993–1002. doi: 10.1001/archgenpsychiatry.2012.476.Alterations

Leibenluft, E., Gardner, D. L., and Cowdry, R. W. (1987). The inner experience of the borderline self-mutilator. J. Pers. Disord. 1, 317–324. doi: 10.1521/pedi.1987.1.4.317

Lloyd, E. E. (1997). Self-mutilation in a Community Sample of Adolescents. ProQuest Dissertation Theses, Louisiana State University, Louisiana, 107. Available at: http://search.proquest.com/docview/304348891?accountid=13042%5Cn

Ludäscher, P. (2010). Pain sensitivity and neural processing during dissociative states in patients with borderline personality disorder with and without comorbid posttraumatic stress disorder: a pilot study. J. Psychiatry Neurosci. 35, 177–184. doi: 10.1503/jpn.090022

Ludäscher, P., Bohus, M., Lieb, K., Philipsen, A., Jochims, A., and Schmahl, C. (2007). Elevated pain thresholds correlate with dissociation and aversive arousal in patients with borderline personality disorder. Psychiatry Res. 149, 291–296. doi: 10.1016/j.psychres.2005.04.009

Niedtfeld, I., Kirsch, P., Schulze, L., Herpertz, S. C., Bohus, M., and Schmahl, C. (2012). Functional connectivity of pain-mediated affect regulation in borderline personality disorder. PLoS One 7:e33293. doi: 10.1371/journal.pone.0033293

Niedtfeld, I., Schmitt, R., Winter, D., Bohus, M., Schmahl, C., and Herpertz, S. C. (2017). Pain-mediated affect regulation is reduced after dialectical behavior therapy in borderline personality disorder: a longitudinal fMRI study. Soc. Cogn. Affect. Neurosci. 12, 739–747. doi: 10.1093/scan/nsw183

Niedtfeld, I., Schulze, L., Kirsch, P., Herpertz, S. C., Bohus, M., and Schmahl, C. (2010). Affect regulation and pain in borderline personality disorder: a possible link to the understanding of self-injury. Biol. Psychiatry 68, 383–391. doi: 10.1016/j.biopsych.2010.04.015

Nieuwenhuys, R. (2012). The insular cortex, a review. Prog. Brain Res. 195, 123–163. doi: 10.1016/B978-0-444-53860-4.00007-6

Orenius, T. I., Raij, T. T., Nuortimo, A., Näätänen, P., Lipsanen, J., and Karlsson, H. (2017). The interaction of emotion and pain in the insula and secondary somatosensory cortex. Neuroscience 349, 185–194. doi: 10.1016/j.neuroscience.2017.02.047

Ostrowsky, K. (2002). Representation of pain and somatic sensation in the human insula: a study of responses to direct electrical cortical stimulation. Cereb. Cortex 12, 376–385. doi: 10.1093/cercor/12.4.376

Patton, J., Standord, M., and Barratt, E. (1995). Barratt impulsiveness scale. J. Clin. Psychol. 51, 768–774. doi: 10.1037/t05661-000

Pavony, M. T., and Lenzenweger, M. F. (2013). Somatosensory processing and borderline personality disorder features: a signal detection analysis of proprioception and exteroceptive sensitivity. J. Pers. Disord. 27, 208–221. doi: 10.1521/pedi.2013.27.2.208

Perl, E. R. (2007). Ideas about pain, a historical view. Nat. Rev. Neurosci. 8, 71–80. doi: 10.1038/nrn2042

Petersen-Felix, S., and Arendt-Nielsen, L. (2002). From pain research to pain treatment: the role of human experimental pain models. Best Pract. Res. Clin. Anaesthesiol. 16, 667–680. doi: 10.1053/bean.2002.0258

Peyron, R., Laurent, B., and Garcia-Larrea, L. (2000). Functional imaging of brain responses to pain, a review and meta-analysis. Neurophysiol.Clin. 30, 263–288. doi: 10.1016/S0987-7053(00)00227-6

Schmahl, C., Bohus, M., Esposito, F., Treede, R.-D., Di Salle, F., Greffrath, W., et al. (2006). Neural correlates of antinociception in borderline personality disorder. Arch. Gen. Psychiatry 63, 659–667. doi: 10.1001/archpsyc.63.6.659

Schmahl, C., Greffrath, W., Baumgärtner, U., Schlereth, T., Magerl, W., Philipsen, A., et al. (2004). Differential nociceptive deficits in patients with borderline personality disorder and self-injurious behavior: laser-evoked potentials, spatial discrimination of noxious stimuli, and pain ratings. Pain 110, 470–479. doi: 10.1016/j.pain.2004.04.035

Schmahl, C. G., and Bremner, J. D. (2006). Neuroimaging in borderline personality disorder. J. Psychiatr. Res. 40, 419–427. doi: 10.1016/j.jpsychires.2005.08.011.Neuroimaging

Shearer, S. L. (1994). Phenomenology of self-injury among inpatient women with boderline personality disorder. J. Nerv. Ment. Dis. 182, 524–526.

Sikka, P., Kumar, G., Bindra, V., Kaushik, S., Kapoor, S., and Saxena, K. (2011). Study of antinociceptive activity of SSRI (fluoxetine and escitalopram) and atypical antidepressants (venlafaxine and mirtazepine) and their interaction with morphine and naloxone in mice. J. Pharm. Bioall. Sci. 3:412. doi: 10.4103/0975-7406.84454

Singh, V. P., Jain, N. K., and Kulkarni, S. K. (2001). On the antinociceptive effect of fluoxetine, a selective serotonin reuptake inhibitor. Brain Res. 915, 218–226. doi: 10.1016/S0006-8993(01)02854-2

Strigo, I. A., Matthews, S. C., and Simmons, A. N. (2013). Decreased frontal regulation during pain anticipation in unmedicated subjects with major depressive disorder. Transl. Psychiatry 3:e239. doi: 10.1038/tp.2013.15

Strigo, I. A., Simmons, A. N., Matthews, S. C., Craig, A. D., and Paulus, M. P. (2008). Association of major depressive disorder with altered functional brain response during anticipation and processing of heat pain. Arch. Gen. Psychiatry 65:1275. doi: 10.1001/archpsyc.65.11.1275

Tan, L. L., Pelzer, P., Heinl, C., Tang, W., Gangadharan, V., Flor, H., et al. (2017). A pathway from midcingulate cortex to posterior insula gates nociceptive hypersensitivity. Nat. Neurosci. 20, 1591–1601. doi: 10.1038/nn.4645

Thompson, T., Correll, C. U., Gallop, K., Vancampfort, D., and Stubbs, B. (2016). Is pain perception altered in people with depression? a systematic review and meta-analysis of experimental pain research. J. Pain 17, 1257–1272. doi: 10.1016/j.jpain.2016.08.007

Valmunen, T., Pertovaara, A., Taiminen, T., Virtanen, A., Parkkola, R., and Jääskeläinen, S. K. (2009). Modulation of facial sensitivity by navigated rTMS in healthy subjects. Pain 142, 149–158. doi: 10.1016/j.pain.2008.12.031

Vogt, B. A. (2016). Midcingulate cortex: structure, connections, homologies, functions and diseases. J. Chem. Neuroanat. 74, 28–46. doi: 10.1016/j.jchemneu.2016.01.010

Vogt, B. A., Derbyshire, S., and Jones, A. K. P. (1996). Pain processing in four regions of human cingulate cortex localized with co-registered PET and MR imaging. Eur. J. Neurosci. 8, 1461–1473. doi: 10.1111/j.1460-9568.1996.tb01608.x

Vogt, B. A., and Paxinos, G. (2014). Cytoarchitecture of mouse and rat cingulate cortex with human homologies. Brain Struct. Funct. 219, 185–192. doi: 10.1007/s00429-012-0493-3

Wessa, M., and Lois, G. (2015). Brain functional effects of psychopharmacological treatment in major depression: a focus on neural circuitry of affective processing. Curr. Neuropharmacol. 13, 466–479. doi: 10.2174/1570159X13666150416224801

Wiech, K., Jbabdi, S., Lin, C. S., Andersson, J., and Tracey, I. (2014). Differential structural and resting state connectivity between insular subdivisions and other pain-related brain regions. Pain 155, 2047–2055. doi: 10.1016/j.pain.2014.07.009

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Malejko, Neff, Brown, Plener, Bonenberger, Abler, Grön and Graf. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cross.jpg
3,

i





OPS/images/fpsyg-09-01853-t002.jpg
BA Anatomic L/R Clustersize Z MNI

Label k (Vx) X y z

HC 23 pMCC/SMA R 502 493 0 -—-18 46
378 4 -4 42
376 2 -10 66

Sl R 472 586 44 -22 56

Sl L 216 405 -34 -26 52

394 —-40 -28 62

48  postlns/SlI R 209 399 42 -30 20

395 48 -22 16
358 42 -16 18

48 Middle insula R 189 479 56 12 2
358 60 -2
3.30 48 2 2
BPD 24 pMCC/SMA R 1276 515 2 -6 50

506 2 4 46
478 -6 10 38
3 Sl R 1162 629 40 -20 58
6.10 40 -20 46
400 56 —-14 40

3 Sl L 306 481 -36 —-24 56
474 -26 -28 62
48  postlns/SlI R 1905 559 42 -18 14

526 46 -32 22
500 32 -22 10
48  postlns/SlI L 1341 570 -50 -24 14
497 -38 -20 14
482 —-46 -36 22

48 Middle insula L 196 529 -54 2 0
37 Cerebellum L 207 453 —-18 -54 -20
358 -34 -54 -28
Conjunction 24 pMCC/SMA R 295 418 2 —-10 46

394 2 —-10 656
389 4 2 40
3 Sl R 413 653 44 22 56
48  postlns/SlI R 202 420 42 -30 20
415 48 -22 16
374 42 -16 18

BA, Brodman area; L, left; R, right; k, number of voxels (Vx); MNI, Montreal
Neurological Insitute (x-, y-, z-coordinates are provided in mm); z Zz-score
of standard norm distribution; pMCC, posterior midcingulate cortex; SMA,
supplementary motor area; Sl, primary somatosensory cortex; Sll, secondary
somatosensory cortex; postins, posterior insula; n, number of subjects.





OPS/images/fpsyg-09-01853-t001.jpg
HC

mean (sem)
Demographical data
Age (years) 23.27 (1.11)
Education (school years) 10.60 (0.40)
Psychometric measures

BDI 4.80 (1.45)
BSL 0.23 (0.07)
BIS 59.87 (1.94)

BPD

mean (sem)

23.33 (1.07)
10.47 (0.70)

40.07 (3.54)
2.45 (0.33)
70.00 (2.20)

t-test

t (2,28)

—0.04
0.23

-9.22
—6.53
—3.46

P

0.966
0.821

0.000
0.000
0.002

Statistical analyses were conducted by two-sided unpaired t-tests. Significant
(p < 0.05) p-values are in italic font. BDI, Beck Depression Inventory; BSL,
Borderline Symptom List; BIS, Barratt Impulsiveness Scale; sem, standard error

of the mean, n, number of subjects.





OPS/images/cover.jpg
, frontiers
in Psychology

Somatosensory Stimulus Intensity
Encoding in Borderline Personality
Disorder









OPS/images/fpsyg-09-01853-g001.jpg
parameter estimates

conjunction

[2 - 10 46]

pMCC/SMA

2 3 4 1 2 3
electric stimulation levels

4

parameter estimates

conjunction
[42 - 30 20]

- N
(3] o
1 1

-
o
1

L3,
1

04

postins/Sli

1 2 3 4 1 2 3 4
electric stimulation levels





OPS/images/logo.jpg
’ frontiers
in Psychology





