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Abstract
Background
Borderline personality disorder (BPD) is characterized by altered perception of affective stimuli, including abnormal evaluation of nociceptive input. However, whether or not perceptual alterations are present for its positive counterpart, i.e. pleasant touch (PT), has not yet been examined.

Methods
In the present study, we applied standardized PT stimuli to the hands of 25 patients with BPD and 25 healthy controls (HC) and compared their perception. We used the affect-modulated acoustic startle response as a physiological correlate of affective processing. We further explored the effect of PT stimulation on dissociative experiences in BPD.

Results
Compared to HC, BPD perceived PT as less pleasant and less intense. The effect on perceived valence of touch was large even after controlling for the effect of reduced perceived intensity of touch (ƞ2 = .29). We further found qualitative alterations in touch perception in BPD, who rated the touch as significantly rougher and firmer compared to HC. There was a positive correlation between perceived valence of touch and changes in dissociative experiences in terms of body ownership of the stimulated body part from pre to post stimulation, suggesting that a more negative evaluation of touch is associated with an increase in body-related dissociative experiences, while a positive perception of touch might be related to a reduction of these dissociative experiences.

Conclusions
Our results confirm BPD-associated disturbances in the processing of affective somatosensory stimuli and indicate that not only pain perception but also pleasant touch perception is diminished in BPD. We discuss the role of altered touch perception for BPD psychopathology and its potential role for new treatment approaches.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s40479-021-00176-4.
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Background
Borderline personality disorder (BPD) is a severe mental disorder characterized by dysfunctional affect regulation, impulsivity, problematic social interaction, and an unstable self-image [1]. All of these features are related to altered processing of affective stimuli, with evidence supporting the assumption of a negativity bias [2]. Altered affective processing has mainly been shown for the responses to negatively valenced stimuli [3]. But there is growing evidence that positive affective processing is altered as well [4]. In comparison to healthy controls (HC), negative evaluation tendencies have been reported for positive facial expressions [e.g. 5, 6], positive taste stimuli [7], and positive social cues in terms of self-relevant appreciating sentences [8].
Whereas previous studies repeatedly demonstrated significant reductions in pain sensitivity [9–15], with the affective component of pain, compared to its sensory-discriminative component, being particularly affected [e.g. 16], they found no evidence for altered proprioception, exteroception, and two-point discrimination [17] or warmth perception thresholds [9, 10,c.f. 18], suggesting that somatosensory dysfunction is limited to affective stimuli. However, it remains unclearwhether altered somatosensory processing in BPD is specific for pain perception or also affects positive affective somatosensation.
A recent systematic review and meta-analysis proposes light stroking at a velocity of approximately 3 cm/s for the assessment of somatosensory pleasantness, i.e. pleasant touch, parallel to the assessment of pain [19]. Thereby, C-tactile (CT) afferents, which are activated by touches applied with velocities between 1 and 10 cm/s, seem to mainly code pleasant sensation [20, 21]. In addition, other types of afferents might contribute, as stroking touch can be pleasant when applied to glabrous skin, a site lacking CT afferents [22]. Interestingly, on a central level there is a common neurobiology of pain and pleasure [23] with common involvement of brain regions such as insula, amygdala, prefrontal cortex and orbitofrontal cortex. Due to the neurobiological similarities between pain and pleasure, it can be hypothesized that the processing of both positive and negative affective somatosensory information might be altered in BPD. The assumption of altered pleasant touch processing in BPD is also supported by a previous study by Croy et al. [24], who assessed pleasant touch perception in a heterogeneous sample of psychotherapy outpatients suffering from different disorders (mood and affective disorders, post traumatic stress disorder, anxiety disorder, personality disorders). In this study, patients, particularly those with personality disorders, rated pleasant touch as less pleasant compared to HC. However, Croy et al. [24] did not report results for different types of personality disorders, so that BPD-associated alterations remain unknown.
To assess positive and negative affective processing on a physiological level, the affect-modulated acoustic startle response is a common peripheral physiological measure. The magnitude of the blink response to a startling acoustic probe is increased when unpleasant stimuli are processed and decreased during pleasant stimulation [25]. A recent study confirmed that the response strength is modulated primarily by the centromedial region of the amygdala [26], while the prefrontal cortex has shown to play an important role specifically in pleasure-induced inhibition of the startle response [27]. Amygdala and prefrontal dysfunctions have been identified as important neural deficits in BPD [28] and have been further related to processing of affective stimuli in the disorder [3]. In line with this, previous studies assessing affect-modulated startle responses in BPD found exaggerated affective startle in response to negative and borderline-salient stimuli compared to HCs [29, 30,but see 31]. Therefore, dampened affect-modulated acoustic startle responses might serve as a physiological correlate for less pleasant processing of pleasant touch in BPD.
Experimental studies in healthy subjects suggest that pleasant touch might play a role in the experience of body ownership, i.e. the sensation that the body and all its parts belong to oneself. Compared to neutral touch, pleasant touch has shown to produce higher levels of ownership for an artificial limb in the rubber hand illusion paradigm [e.g. 32] and can reduce the feeling of deafference [33], i.e., unpleasant and numbness sensation about the body induced by a temporal mismatch between seen and felt tactile stimulation [34]. Moreover, a recent study on neurological patients with reduced body ownership indicates that the application of pleasant touch could increase body ownership experiences [35]. Interestingly, dissociation, a common symptom and diagnostic feature of BPD [36], includes the feeling of foreignness related to the own body, and body ownership experiences have been shown to be reduced in BPD [37]. Thereby, from a psychopathological perspective, it might be interesting to assess whether pleasant touch stimulation might modulate (dissociative) body experiences in BPD.
The main aim of the present study was to investigate whether perception of positive somatosensory stimulation is less positive in BPD compared to HC. Therefore, we applied standardized pleasant touch to the back of the hand of participants with BPD and a sample of HC. We specifically expected a less positive perception of pleasant touch assessed by self-report in BPD compared to HC. On a physiological level, we expected a diminished inhibition of the acoustic startle response in the BPD versus control group. In order to investigate the specificity of somatosensory alterations for affective stimuli, we assessed mechanical and warm perception as well as heat pain thresholds of the skin. Thereby, we expected to replicate heightened pain thresholds in BPD compared to HC, and further expected an association between deficient processing of pleasant touch and deficient pain processing. Specifically a more negative evaluation of pleasant touch was assumed to be associated with higher levels of heat pain thresholds. We further explored whether there is a pleasant touch-associated modulation of dissociation and dissociative body experiences in terms of reduced body ownership in BPD.
Methods
Sample
We examined 27 female BPD patients and 26 female healthy controls (HC) who were centrally recruited by Clinical Research Unit 256 [38]. The measurement had to be prematurely terminated due to intolerable tension evoked by the experimental paradigm in two subjects with BPD and circulatory problems in one HC subject. Accordingly, the final sample consisted of 25 subjects with a current diagnosis of BPD (mean (M) age = 31.28 years, standard deviation (SD) = 7.57) and 25 HC (M age = 26.72 years, SD = 8.57). The groups did not significantly differ in age, t (48) = 2.00, p > .05. All subjects were fluent in German and all but three participants were right-handed (two ambidextrous participants in the BPD and one ambidextrous participant in the HC group) as assessed with the Edinburgh Handedness Inventory [39]. Regular psychotropic and pain medication had to be discontinued for at least two weeks prior to study participation (with the exception of selective serotonin reuptake inhibitors (SSRIs), of which discontinuation is not recommended given the evidence for adverse physical and psychological symptoms that may occur with its discontinuation [40]). None of the subjects had been on on-demand medication (such as sedative-hypnotics or benzodiazepines) for two days prior to participation. The study was approved by the Ethics Commission of the Medical Faculty Mannheim of Heidelberg University and complied with the Declaration of Helsinki. All participants provided written informed consent and received a reimbursement of 26€ for participation.
Clinical diagnoses according to the Diagnostic and Statistical Manual for Mental Disorder IV (DSM-IV) [41] were obtained by a trained clinical psychologist using the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID) [42] and the International Personality Disorder Examination (IPDE) [43]. BPD patients had to meet five or more of the BPD IPDE criteria within the last two years prior to study participation, and at least one of these criteria had to be present during childhood or adolescence.
We excluded subjects with scars on the back of the left hand (due to self-injurious behavior or other reasons) to avoid a potential bias due to reduced sensitivity in the stimulated body part. Further exclusion criteria were life-time diagnosis of bipolar I disorder or schizophrenia, insufficient speech comprehension, mental retardation, body mass index < 16.5, substance use disorder within the last year (in case of current substance abuse, abstinence of at least two months was required), fibromyalgia, serious physical illness, severe brain disorder or concussion, and pregnancy. The prevalence of comorbid life-time and current mental disorders as well as psychopathological characteristics of the BPD sample are given in Table 1. No current or life-time mental disorders were present in the HC group, as assessed with the SCID [42].
Table 1Prevalence of comorbid axis I disorders and psychopathological characteristics of the borderline personality disorder sample (n = 25)


	 	Prevalence
	Psychopathological characteristics

	Current n (%)
	Life-time1 n (%)
	 	M (SD)

	Major depressive disorder
	7 (28)
	18 (72)
	Symptom severity (BSL-23)
(n = 24)
	1.59 (0.70)

	Post-traumatic stress disorder
	8 (32)
	15 (60)
	Depressiveness (BDI)
(n = 23)
	18.26 (8.00)

	Anorexia nervosa
	0 (0)
	6 (24)
	Trait anxiety (STAI)
(n = 24)
	63.29 (6.31)

	Other Eating disorders
	7 (28)
	7 (28)
	State anxiety (STAI)
(n = 23)
	54.87 (9.30)

	Other mental disorders (only current)
	20 (80)
	–
	 	 
	More than one mental disorder (only current)
	11 (44)
	–
	 	 

BPD = borderline personality disorder; n = number; M = mean; SD = standard deviation; BSL-23 = Borderline Symptom List [44], BDI = Beck Depression Inventory [45], STAI = State-Trait-Anxiety Inventory [46]
1Including current diagnosis



Psychological assessment
To assess general symptom severity, we used the mean score of the Borderline Symptom List (BSL-23) [44]. Values are ranging from 0 to 4 with higher values indicating a higher symptom severity. To assess depressiveness, we used the Beck Depression Inventory (BDI) [45]. The overall sum score ranges from 0 to 63 with higher values indicating higher depressiveness. The State-Trait-Anxiety Inventory (STAI) [46] was used to assess anxiety. The sum score for the state and trait subscale, ranges from 40 to 160 each, with higher values indicating higher anxiety. Data of BSL-23, and STAI (trait) were missing for one BPD subject, BDI and STAI (state) data were missing for two BPD subjects.
Experimental paradigm
The experimental setup is depicted in Fig. 1a. We applied pleasant touch stimulation on the subjects’ back of the left hand (i.e., hairy skin) using a soft brush and a custom apparatus (see Fig. 1b), which applied touch without social interaction and with a standardized velocity of 3 cm/s. Using a similar device and setup in HCs, has been shown to validly evoke a pleasant touch percept as well as touch-related activation in brain areas typically involved in the processing of pleasant touch [47]. The left hand of the subjects was placed on a vacuum cushion underneath the brush to rest it comfortably and stably during the experiment. In order to apply gentle touches with comparable forces, the brush was adjusted for each subject dependent on the size of the individual’s hand in a way that just the tip of the brush touched the skin. Using a privacy screen, the pleasant touch device and the stimulated hand were positioned out of the subjects’ view. The subjects were instructed to fixate a cross presented on a screen in front of them and attend to their stimulated left hand throughout the experiment. The touch stimulation was applied in 12 blocks, lasting 60s each, with a stroke length of 8 cm, going back and forth between the metacarpal bones of the participants’ left third and fourth digit.
[image: ../images/40479_2021_176_Fig1_HTML.png]
Fig. 1(a) Schema of the experimental setting consisting of a brushing machine (1), a privacy screen (2), and a computer screen (3); (b) Stimulation of the back of the left hand (i.e., hairy skin) using a soft brush


After each block, the subjects were asked to rate the perceived intensity and valence of touch. Intensity of touch was assessed using a visual analogue scale (VAS) using the verbal anchors “no perception” and “very intense perception”. Perceived pleasantness of touch was assessed with a VAS with the anchors “not pleasant” and “very pleasant”, and perceived unpleasantness of touch was assessed with a separate VAS using the anchors “not unpleasant” and “very unpleasant”. For all VAS scales the answers were converted in values ranging from 0 (“no perception”, “not pleasant”, not unpleasant”) to 100 (“very intense perception”, “very pleasant”, “very unpleasant”). We assessed valence of touch in a two-dimensional manner in accordance with previous recommendations [48–50], and combined the ratings of pleasantness and unpleasantness for the main analyses by subtracting the unpleasantness rating from the pleasantness rating, resulting in a bipolar valence score ranging from − 100 (indicating maximum net negative valence) to + 100 (indicating maximum net positive valence) with values of 0 indicating neutral valence. Furthermore, subjects rated qualitative aspects of touch perception by using a German adaptation of the touch perception task (TPT) [51] (see the supplement for translation, cultural adaptation, and details of the assessment of the TPT items. The TPT assesses touch perception by four empirically identified sensory factors (slip, pile, roughness and firmness) with 26 descriptors and two affective factors (comfort and arousal) with 14 descriptors (see Table S1 in the supplement).
To assess state dissociation before and after touch application, we used the mean score of the short version of the Dissociation-Tension Scale acute (DSS-4) [52], immediately before the experiment started and after the last block of stimulation. Before and after pleasant touch application we further asked participants for perceived body ownership disturbances employing the shortened version of a previously used body ownership interview [37], assessing ownership for the right and left arm. Participants were asked to verbally rate the perceived degree of current ownership for their shoulders, upper and lower arms as well as hands (left and right each) by indicating a percentage from 0% (“body part does not belong to me”) up to 100% (“body part belongs to me”) in 10% increments. To assess disturbances of body ownership in BPD of both the stimulated and non-stimulated arm, we separately computed the mean score of the left (internal consistency in the present study α = .96 before and α = .94 after stimulation) and right (internal consistency in the present study α = .94 before and α = .95 after stimulation) body sites. All items were presented on the computer screen in front of the participants, and were answered using a keyboard. The experiment was programmed in Presentation (v17.0; Neurobehavioral Systems, Inc., Albany, CA, USA).
Startle data collection and scoring of affect-modulated acoustic startle response
Recording and analysis of startle data followed the recommendations by Blumenthal et al. [53]. A 50 ms white noise burst set to a volume of 95db was used as acoustic startle probe, and eight startle probes were presented for habituation purposes before the experiment started. Experimental probes then occurred randomly once or twice at least 15 s after the onset of touch in half of the stimulation-blocks, with an inter-probe interval of at least 18 s [54]. Stimuli were presented randomly once or twice in half of the fixation-blocks (a fixation-block with a random duration between 60 and 69 s without stimulation preceded each block of touch application and served as baseline interval). The startle probe occurred 9 times with and 9 times without tactile stimulation. The probes were delivered using the amplifier Phone Amp G100 (Lake People, Konstanz, Germany) and insert earphones EarTone® 3A 10-Ohm (Aearo Company Auditory Systems Production, Indianapolis, USA) with 10 mm earplugs (ER3-14B, Etymotic Research Inc., Elk Grove Village, USA). The acoustic startle response was measured by recording electromyographic (EMG) activity of the musculus orbicularis oculi of the left eye using Ag-AgCl electrodes with a diameter of 40 mm filled with high-conductivity electrode gel (Electro Cap International Inc., Eaton, USA). The ground electrode was attached to the right forehead. The electrodes were applied between the threshold assessments and the experiment. The skin was cleaned with alcohol and abraded using V17 Abralyt 2000 (Easycap GmbH, Herrsching, Germany) to lower the impedances. Physiological data were amplified and recorded using a BrainAmp ExG amplifier (Brain Vision, Morrisville, USA) and the Brain Vision Recorder software v1.10 (Brain Vision, Morrisville, USA). The sampling rate was set to 5000 Hz. Frequencies below 28 Hz and above 400 Hz were filtered out, and a notch filter of 50 Hz was applied.
Brain Vision Analyzer v2.0 was used for offline analysis of the EMG signal. Startle amplitude was defined as the difference between the peak startle activity within a time window of 20 ms to 120 ms after stimulus onset and the mean EMG activity 50 ms before stimulus onset. Prior to analysis, EMG recordings were visually examined and screened for artefacts. Segments with noise, movement artefacts or spontaneous or voluntary blink before the minimal onset latency value within a time frame of 50 ms before to 200 ms after stimulus onset, or segments without a startle reaction (defined as peaks below 10 μV) were excluded from analysis. Remaining segments were rectified and smoothed by a moving average with a 10 ms window. Finally, segments of the fixation-block and the stimulation-block were averaged separately. The affect-modulated acoustic startle response (ASR) was calculated in percent by the following formula:
[image: $$ \frac{\left( startle\ during\ stimulation\right)-\left( startle\ without\ stimulation\right)}{\left( startle\ without\ stimulation\right)}\times 100. $$]




Thus, positive scores indicate an increase in startle amplitude during stimulation relative to baseline and negative scores indicate a decrease. Reporting relative scores for affect-modulated ASR is recommended to remove any dependence on baseline eye blink amplitude [53]. Due to technical problems during data recording, we could not sample physiological data of three BPD and two HC participants. To ensure that a sufficient number of trials per block were included, the required number of valid segments per subject and block (on/off) was set to four. Using this criterion, we had to exclude additional three BPD and three HC participants. Thus, we analyzed physiological data of 19 BPD and 20 HC subjects.
Assessment of thresholds for mechanical detection, warm perception, and heat pain
Touch sensitivity was assessed at the beginning of the experiment by mechanical detection thresholds using the standard examination protocol for Quantitative Sensory Testing (QST) of the German Research Network on Neuropathic Pain [55]. Thresholds were recorded on the skin between the metacarpal bones of the third and fourth finger of the participants’ left back of the hand. We used a standardized set of von-Frey filaments with forces between 0.25mN and 512mN (Opti-hair2, MARSTOCK-Nervtest, Schriesheim, Germany), implementing a staircase procedure to ascertain the mechanical threshold, defined as the geometric mean of five below- and five above-threshold intensities.
We then assessed warm perception and heat pain thresholds using a Thermal Sensory Analyzer device (Medoc Ltd., Ramat Yishai, Israel) with a 30x30mm thermode attached to the subjects’ left thenar. Starting at a baseline temperature of 32 °C, the temperature rose with a rate of 1.2 °C/s for the assessment of the warm perception threshold, and with a rate of 3 °C/s for the assessment of heat pain threshold [56]. The subjects signaled the onset of warm perception or heat pain perception by pressing a button resulting in a fall of temperature back to baseline temperature in five trials each. The first trial served as familiarization trial while the average of the remaining four trials was used for further analyses. For safety reasons, the thermode was shut down when a temperature of 52 °C was reached. This safety limit was reached in 3 trials of one BPD patient and in one trial of two HC each. For these trials, the temperature was rounded to 53 °C [9]. Due to technical problems with the thermal stimulator during the main period of data assessment, we could not assess thresholds in eleven BPD subjects and one HC, and thus, subsequent analyses on perception thresholds were performed only for subsamples.
Statistical analyses
Data were tested for normal distribution using a Kolmogorov-Smirnov test. If the assumption of normality was violated, non-parametric statistics were used. To test our main hypothesis, we compared data of BPD and HC participants for perceived valence, intensity, and qualitative aspects of pleasant touch using t-tests for independent samples or, in the case of non-normal distribution, Mann-Whitney-U-Tests. Because there was an unexpected difference in perceived intensity of touch between BPD and HC, a robust rank based ANCOVA [57] was performed to control for perceived intensity of touch on the effects of perceived valance of touch. We further correlated perceived valence and intensity of touch with symptom severity as assessed by the BSL in the BPD group using Pearson or Spearman correlations. Additionally, we compared both groups regarding affect-modulated ASR, and correlated affect-modulated ASR with perceived valence and intensity of touch using Pearson or Spearman correlation in both groups separately.
To explore the effect of pleasant touch stimulation on dissociation in BPD, we compared state dissociation and arm ownership before and after pleasant touch stimulation using paired t-tests or, in the case of non-normal distribution, Wilcoxon signed-rank tests. Further, we calculated difference scores in state dissociation and arm ownership from before to after pleasant touch stimulation. We correlated perceived valence and intensity of touch with the change in dissociation and arm ownership of the stimulated and non-stimulated arm using Spearman rank correlations. In order to test whether there was a specific effect for the correlation between perceived valence of touch and change of ownership in the stimulated arm, we compared this correlation with the correlation between perceived valence of touch and change in ownership of the non-stimulated arm as well as with the correlation between perceived valence of touch and change in dissociation using a procedure based on Fisher’s r-to-z transformation. This has been shown to be robust with respect to Type I error, also when applied for non-parametric Spearman correlation [58]. We further used non-parametric partial correlations for testing the relationship between perceived valence of touch and change in arm ownership while controlling for change in state dissociation as assessed by the DSS-4. Since HC experienced constantly high body ownership and constantly low dissociation, both measures lacking substantial variance (see Table S3 in the supplement), we performed these analyses only for the BPD group. As comorbid PTSD has previously been found to influence dissociative experiences [59], we further compared change in dissociation and arm ownership from pre to post stimulation between BPD patients with and without PTSD using Wilcoxon signed-rank tests.
In order to investigate the specificity of alterations in affective somatosensory processing, we compared data of BPD patients and HC for mechanical detection thresholds (MDT), warm perception thresholds (WPT), and heat pain thresholds (HPT) using t-tests for independent samples or Mann-Whitney-U tests. To assess whether there was an association between positive and negative somatosensation, we further correlated perceived valence and intensity of touch with HPT in both groups separately. Due to the small sample sizes for these analyses, the results are reported in the supplement.
Initially, perception of touch in trials with and without startle stimuli was compared in both groups separately using paired t-tests or Wilcoxon signed-rank test. This was done to test for potential effects of the acoustic startle probe on touch perception. Since there were no significant differences in ratings between trials with and without startle probes in either group (see Table S2 in the supplement), we used the mean ratings of touch with and without startle probes for all analyses.
We report test statistics, p-values (in case of multiple testing we report Bonferroni-corrected p-values, i.e., pBonf), and absolute values of effect sizes using Cohen’s d (based on pooled SD), r (applying the equation [image: $$ =\frac{z}{\sqrt{n}} $$]), or partial ƞ2. All statistical analyses were performed using IBM SPSS v25.
Results
Perception of pleasant touch and affect modulated ASR in BPD and HC participants
Perceived valence of touch was significantly lower in participants with BPD (M = − 4.50, SD = 41.56) compared to HC (M = 56.85, SD = 39.78), t (48) = − 5.33, p < .001, d = 1.51 (see Fig. 2a). Both groups further differed significantly in the sensory aspect of pleasant touch perception: the intensity ratings were significantly lower in participants with BPD (Mdn = 55.67, IQR = 20.87) compared to HC (Mdn = 74.67, IQR = 30.21), U = 126.00, z = − 3.62, p < .001, r = .72 (see Fig. 2b). The result of the rank based ANCOVA suggests that, after controlling for the effect of perceived intensity, there was a significant difference in perceived touch valence between both groups, F (1,47) = 19.52, p < .001, ƞ2 = .29.
[image: ../images/40479_2021_176_Fig2_HTML.png]
Fig. 2(a) Perceived valence of touch in healthy controls (HC) and borderline personality disorder patients (BPD) (b) Perceived intensity of touch in HC and BPD. (c) Association between perceived intensity of touch and symptom severity as assessed with the Borderline symptom list (BSL) in BPD. Boxplots: Medians and quartiles are marked by the lines of the boxes. Whiskers indicate 1.5 inter-quartile range or minimum/maximum value. Values of single subjects are marked by a dot. * p < .05 *** p < .001


In BPD there was a significant negative correlation of symptom severity with perceived intensity of touch (r (22) = −.46; p = .025) (see Fig. 2c) but not with perceived valence of touch (r (22) = .08, p = .720).
Descriptive data for the qualitative aspects of touch for both groups as well as test statistics for the group comparisons can be found in Table 2 and are further visualized in Fig. 3. BPD participants rated the touch as being significantly rougher and firmer compared to the HC group. For the affective component, BPD participants indicated significantly less comfort than the HC group.
Table 2Pleasant touch perception in participants with borderline personality disorder (BPD) and healthy controls (HC)


	 	BPD
(n = 25)
	HC
(n = 25)
	Statistics

	 	M (SD)
	M (SD)
	 
	Mdn (IQR)
	Mdn (IQR)

	Valence
	−4.50 (41.56)
	56.85 (39.78)
	t(48) = −5.33, p < .001

	−17.58 (59.29)
	65.83 (53.54)

	Intensity
	54.58 (17.30)
	74.64 (19.15)
	U = 126.00, z = −3.62, p < .001

	55.67 (20.87)
	74.67 (30.21)

	Sensory components

	 Roughness
	27.80 (16.53)
	13.49 (11.33)
	U = 128.00, z = −3.58, pBonf = .002

	22.31 (31.72)
	9.50 (13.63)

	 Slip
	14.08 (16.03)
	7.22 (9.83)
	U = 216.00, z = −1.89, pBonf = .349

	6.08 (21.83)
	1.67 (13.00)

	 Firmness
	23.44 (14.57)
	9.15 (11.93)
	U = 121.50, z = −3.71, pBonf = .001

	24.70 (22.00)
	5.90 (11.30)

	 Pile
	47.13 (19.83)
	57.37 (25.79)
	U = 215.00, z = −1.89, pBonf = .354

	43.33 (24.33)
	62.00 (38.42)

	Affective components

	 Comfort
	36.81 (19.88)
	64.22 (19.88)
	t(48) = −4.87, pBonf < .001

	37.78 (30.89)
	67.33 (22.69)

	 Arousal
	22.72 (16.99)
	35.45 (20.19)
	t(48) = −2.41, pBonf = .119

	19.25 (31.25)
	38.19 (27.56)


BPD = borderline personality disorder; HC = healthy control; n = number; M = mean; SD = standard deviation; Mdn = median; IQR = interquartile range; pBonf = Bonferroni corrected p-value


[image: ../images/40479_2021_176_Fig3_HTML.png]
Fig. 3Boxplots for ratings of qualitative aspects of touch perception in healthy controls (HC) and borderline personality disorder patients (BPD). Medians and quartiles are marked by the lines of the boxes. Whiskers indicate 1.5 IQR or minimum/maximum value. Outliers are marked by a dot; extreme values are marked by a colored asterisk. * p < .05, ** p < .01, *** p < .001


There was no significant difference in affect-modulated ASR between BPD (M = − 6.22 μV, SD = 23.04) and HC (M = − 2.55 μV, SD = 25.17), t (37) = − 0.47, p = .638, d = 0.15. Affect-modulated ASR was not significantly related to perceived valence of touch in BPD (r (17) = −.13, p = .589) or HC (r (18) = .15, p = .538). There was also no significant correlation between affect-modulated ASR and perceived intensity of touch (BPD: r (17) = .33, p = .162; HC: rs (18) = .31, p = .182).
Pleasant touch and dissociative states in BPD
Descriptives for state dissociation and body ownership distortions before and after stimulation as well as the respective change scores can be found in Table 3. The changes from pre to post stimulation are further visualized in Fig. 4 a) and b). In BPD, state dissociation prior to the experiment was negatively correlated with perceived intensity of touch (r (23) = −.480, pBonf = .045) but not with perceived valence of touch (r (23) = −.079, pBonf > .999). There was no significant association between body ownership experiences prior to the experiment and perceived valence or intensity of touch (all rs ≤ |.232|, all pBonf ≥ .558.)
Table 3Body ownership and state dissociation before and after stimulation with pleasant touch in borderline personality disorder patients


	 	Pre
M (SD)
Mdn (IQR)
	Post
M (SD)
Mdn (IQR)
	Change
M (SD)
Mdn (IQR)

	Body ownership stimulated left arm [%]
	74.50 (28.80)
87.50 (46.25)
	69.20 (29.56)
67.50 (52.50)
	-5.30 (18.09)
-2.50 (12.50)

	Body ownership non stimulated right arm [%]
	78.50 (24.58)
87.50 (37.50)
	74.44 (26.69)
82.50 (45.00)
	-4.06 (13.57)
0.00 (9.25)

	State dissociation (DSS-4)
	1.85 (1.42)
1.50 (2.38)
	2.68 (2.24)
2.00 (4.25)
	0.83 (1.44)
0.50 (1.63)


Pre = before pleasant touch application; Post = after pleasant touch application, Change = Post-Pre; M = mean; SD = standard deviation; Mdn = median; IQR = interquartile range; DSS-4 = Short version of the Dissociation tension scale acute [53]
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Fig. 4(a) Change in body ownership experiences from pre to post stimulation in borderline personality disorder patients (BPD); (b) Change in dissociation as assessed with the Dissociation-Tension scale acute (DSS-4) from pre to post stimulation in BPD; (c) Association between perceived valence of touch and change in stimulated arm ownership from pre to post pleasant touch perception in borderline personality disorder. ** p < .01


In BPD, there was a significant increase in state dissociation from pre to post pleasant touch stimulation, t (24) = − 2.87, pBonf = .024, d = 0.88 (see Table 3). However, there was no significant pre-post difference for body ownership, neither for the stimulated left arm, z = − 1.80, pBonf = .219, r = .25, nor the non-stimulated right arm, z = − 1.19, pBonf = .738, r = .17 (see Table 3).
Perceived valence of touch was significantly positively correlated with changes in ownership of the stimulated left arm in BPD (rs (23) = .624, pBonf = .003, see Fig. 4c). Results of a bootstrapping procedure (10,000 samples) revealed a BCa (Bias corrected and accelerated) 95% CI [.306, .821], indicating that it is a robust correlation. There was no significant correlation between perceived valence of touch and change in ownership of the non-stimulated right arm (rs (23) = .221, pBonf = .867) and change in state dissociation (rs (23) = −.262 pBonf = .618) in BPD. The correlation between perceived valence of touch and change of ownership in the stimulated arm significantly differed from the correlation between perceived valence and change of ownership in the non-stimulated arm (z = 2.43, pBonf = .030) as well as from the correlation between perceived valence and change of dissociation (z = 2.68, pBonf = .014), indicating that the association between perceived valence of touch and change in ownership was specific for the stimulated arm. However, change in state dissociation was significantly related to both change in ownership of the stimulated left arm (rs (23) = −.588, pBonf = .004) and the non-stimulated arm (rs (23) = −.556, pBonf = .004). After controlling for the change in state dissociation, perceived valence of touch was still significantly related to the change in ownership of the stimulated left (rs (22) = .603, pBonf = .004), but not the right non-stimulated arm (rs (22) = .094, pBonf > .999). There was no significant correlation between the perceived intensity of touch and change in dissociative levels (all rs ≤ |.288|. all pBonf ≥ .489).
There was no significant difference in the change in ownership from pre to post stimulation between BPD with and without PTSD for the stimulated arm (U = 29.50, z = − 1.42, p = .156) or the non-stimulated arm (U = 50.00, z = 0.00, p > .999). There was also no significant difference for changes in general dissociation as assessed with the DSS-4 when comparing these subgroups of BPD patients (U = 27.50, z = − 1.56, p = .120).
Discussion
The aim of the present study was to investigate whether pleasant touch perception is disturbed in BPD. We applied standardized pleasant touch stimuli to the back of the left hand of female BPD patients and HC. We assessed the perception of touch as well as its affective processing in terms of affect-modulated acoustic startle responses. In order to explore a potential modulating effect of pleasant touch on state psychopathology, we assessed changes in state dissociation and dissociative body experiences in terms of reduced body ownership, before and after touch application. We further investigated the specificity of somatosensory alterations and aimed to test whether the perception of somatosensory stimuli with positive and negative valence is interrelated.
As expected, the perceived valence of pleasant touch was less positive in BPD compared to HC. After controlling for the potentially confounding effect of perceived intensity of touch, perceived valence of touch still remained less positive in individuals with BPD compared to HC with an effect of ƞ2 = .29. We further found alterations in qualitative aspects of touch perception in BPD compared to HC, which (a) confirmed our main results regarding reduced positive perception of pleasant touch in terms of reduced comfort ratings in BPD compared to HC and (b) revealed differences in certain sensory aspects of touch. Thus, BPD patients rated the perceived touch rougher and firmer compared to HC. Finally, our results suggest that perceived valence of touch was related to changes in dissociative body perception in terms of disturbed body ownership, especially of the stimulated body site, but not to the dissociative state in general. The positive correlation between perceived valence of touch and the change in arm ownership of the stimulated site suggests that a more unpleasant perception of touch is associated with a decrease in body ownership experiences from pre to post stimulation, while a more positive perception of touch was related with an increase in reported arm ownership.
Our main result of pleasant touch disturbances in BPD is in line with previous results indicating that perception of positively valenced stimuli is altered in the disorder [5–8]. It extends previous findings on somatosensory alterations in BPD by suggesting that not only pain perception, but also the perception of its positive counterpart is altered in BPD. Together, this supports the assumption of altered affective somatosensory processing in BPD. Interestingly, similar to our results on altered qualitative touch experiences, a recent study found alterations in qualitative pain ratings in BPD, in terms of a specific loss of the pain component sharpness [60]. Qualitatively changed somatosensory perception might be due to altered evaluation of negative [60] and positive somatosensory stimuli and related cognitive processes. There is a common neurobiology of pain and pleasure [23] and evidence for cognitive top-down modulation of both. It has been shown that top-down cognitive factors can influence the affective representation of touch in healthy subjects [61]. For the pain domain, cognitive down-regulation of the affective pain component has been proposed as an antinociceptive mechanism in BPD, represented by an interaction between prefrontal and limbic areas [16]. Taken together, it can be assumed that a dysregulation of cortico-limbic pathways might be an underlying neural mechanism for altered affective somatosensation in BPD.
Unexpectedly, we found not only alterations in the affective component of pleasant touch but also a reduced touch sensitivity, in terms of heightened mechanical detection threshold and reduced perceived intensity of pleasant touch. This suggests that for the touch domain both, perception of the affective and sensory component might be altered. Interestingly, only perceived intensity of touch but not perceived valence of touch, was associated with symptom severity and state dissociation in BPD. Similarly, Bekrater-Bodmann et al. [9] reported an association between state dissociation and the magnitude of the pain percept but not with affective pain perception in terms of perceived unpleasantness. Altered gating and reduced processing of sensory input in acute dissociation [62] might mainly affect perceived intensity of a somatosensory stimulus. In consequence, higher levels of dissociation in BPD might decrease the salience of somatosensory stimuli, making it more difficult for them to be perceived, as has been proposed before [18]. This might be true especially for the sensory aspects of pain and (pleasant) touch, stimuli with a relatively high salience. For exteroception as assessed by two point discrimination or proprioception as assessed by weight-discrimination there is no evidence of altered perception in BPD [17]. However, the alteration of the affective component of pleasant touch was independent of reduced touch sensitivity, indicating that at least partly distinct processes might underlie alterations in the sensory and affective components of touch processing.
The missing association between perceived valence of touch and symptom severity in BPD raises the question whether alterations in affective touch perception are disorder-specific or reflect unspecific alterations in psychopathological states. Studies on other mental disorders are sparse, but there is first evidence of altered pleasant touch processing in current [63, 64] and remitted [65] anorexia nervosa, as well as posttraumatic stress disorder [66], all of which are common comorbidities in BPD [67]. The assumption of an unspecific alteration might further be supported by the results of Croy et al. [24] who reported reduced pleasant perception of touch in a heterogeneous sample of psychiatric outpatients suffering from different mental disorders. Interestingly, a recent study found that pleasant touch perception is affected by disorganized attachment [68], an attachment style characterized by inconsistent attachment behavior, which is overrepresented in personality disorders such as BPD [69] as well as patients suffering from anorexia nervosa [70], and which has been linked to psychological traumatization [71]. According to attatchment research, disorganized attachment is often a second-generation effect characterized by frightening and/or frightened parental interaction by caregivers suffering themselves from attachment-related trauma or losses [72, 73]. Touch perception is the earliest sensory modality to develop [74] and might thus be particularly prone to adapting to adverse developmental circumstances [75]. Thus, from an etiological perspective, it can be speculated that growing up in a frightening environment, where caregivers do not represent a secure base, might result in disturbed interpretation of safety signals like pleasant touch, which, depending on other contributing factors (e.g. certain genotypes or other environmental factors), could manifest in various psychopathological states.
From a psychopathologial perspective, the results of our study have some important implications. Mainly, our data suggest that more negative perception of touch is associated with a further decrease in body ownership experiences in BPD, while on the other hand touch stimulation, which is perceived as pleasant, might have beneficial effects on disturbed body ownership experiences of the stimulated limb in BPD. Thus our results point out that the effect of stimulation on body ownership experiences in BPD depends not only on the properties of the touching stimulus but its perceived valence might also play an important role. This differs from the results of Jenkinson et al. [35], who found an increase in body ownership experiences after pleasant touch stimulation of the affected limb of stroke patients, which was not associated with perceived valence. The authors propose that increased body ownership experiences might be the result of integrating new sensation from the affected part with one’s multimodal self-representation. However, they only report positive touch perception, which might foster an embodied self. A negative perception of touch, as present in some of the BPD subjects of this study, might hinder or even reverse this integrative process. Results of a recent study suggest that uncertainty and affective incongruences can disrupt the multisensory integration process that leads to the experience of body ownership [76], highlighting the importance of top-down processes, for example, information processing guided by higher-level knowledge and expectations, for the experience of body ownership. Expectations or anticipation of the affective input were not assessed in the current study. However, based on a spontaneous statement of one BPD subject after the present experiment who stated that the applied touch “felt like the touch of someone who wants to comfort you but doesn’t mean it”, it is conceivable that there might be a high level of perceived inconsistency for some BPD patients during touch experiences. Thereby, negative self-evaluations, which are common in BPD [77, 78], might play an important role, as they have been suggested to result in a devaluation of self-referential positive experiences [79]. To further assess hypothesized top-down influences on the effect of pleasant touch stimulation on body ownership experiences, future studies might combine pleasant touch stimulation with other affective stimuli, for example, affective pictures or other self-relevant stimuli.
Moreover, reduction of body ownership experiences from pre to post stimulation might also be the result of a coping process. As proposed by trauma models of dissociation, dissociative responses, including the experience of being detached from one’s own body, may be a mechanism to cope with overwhelming experiences especially in threatening situations without chance to escape [e.g. 73]. Further, it has been proposed that trauma-related memories and re-experiencing symptoms might be specifically triggered by perceptual stimuli associated with the traumatic event [80]. Even though there was no evidence for differences in BPD with and without PTSD in the current study, it is possible that for some BPD patients with specific traumatic experiences the pleasant touch stimulation during the experiment might have reactivated traumatic experiences when touch was associated with negative experiences [81], which in turn might result in unpleasant touch perception and related reduction in body ownership experience. To probe this hypothesis, further studies with larger sample sizes comparing BPD individuals with and without traumatic experiences might take into account the type of trauma and its association with perception of pleasant touch stimuli as well as body-related psychopathology.
From a more clinical perspective, our results suggest that touch stimulation, which is perceived as pleasant, might be a promising candidate to target reduced body ownership experiences in BPD, which have been shown to normalize in the remitted state of the disorder [37]. Therefore, it might be important to create a situation where the patient feels safe and anticipates a positive incoming signal. Individualized positive cues or being touched with materials that are positively connotated might help to re-evaluate incoming pleasant touch-signals.
Limitations and outlook
Several limitations of our study must be noted. First, sample sizes, especially for the assessment of thermal perception and pain thresholds, were relatively small. Even though our supplemental results indicate an association between perception of positive and negative somatosensation in HC, there was no significant correlation between altered heat pain threshold and pleasant touch perception in BPD. However, interpretation of this result is limited not only due to the small sample size but also because pain thresholds reflect only one facet of altered pain perception in BPD. In future studies, beyond thresholds, the assessment of sensory, affective, and qualitative aspects of positive and negative somatosensory stimuli might be necessary to elucidate somatosensory alteration in BPD. Another limitation is that the intake of SSRIs was not interrupted in this study. SSRIs have been successfully used to treat chronic pain [82] and sensory alterations as possible side effects cannot be ruled out. All subjects in the present study were female, limiting the generalizability of our results. Previous results on a gender effect of pleasant touch perception are mixed, with some studies indicating that female subjects perceive touch as more pleasant [83, 84], but there is also a study indicating that there is no significant gender effect [85]. Furthermore, there was no control condition where touch was applied with a velocity outside the range of CT optimal velocities [e.g. 55,60] and we did not test if differences in perceived valence and intensity of touch between BPD and HC might be extended to touch applied with non-CT velocities. Therefore, future studies are necessary to investigate whether alterations in touch perception in BPD relate specifically to the CT system. We further did not include a clinical control sample to investigate disorder-specific effects. Future studies on pleasant touch perception in BPD might further include samples suffering from eating disorder and PTSD, as both are common comorbidities in BPD and have been shown to be related to disturbances in pleasant touch perception [63–66]. Moreover, expanding the investigation of patients by incorporating dimensional approaches might be helpful to disentangle the mechanisms behind disturbances in pleasant touch processing in BPD and its relationship with dissociative experiences. Finally, even if the difference in perceived valence of touch was obvious on a perceptual level, we could not provide evidence for differences between both groups in its physiological correlate, in terms of affect-modulated ASR. Affect-modulated ASR was not previously tested in pleasant touch studies in HCs before and the missing association between affect-modulated ASR and perceived valence of touch in HC raises the question whether ASR is an appropriate peripheral physiological correlate for the specific case of pleasant touch perception at all. EMG of the of the zygomaticus major (smile) muscle might be a more suitable physiological correlate of pleasant touch perception [86].
Future studies also need to investigate the association between altered touch perception and deficits in social interaction. Pleasant touch plays an important role for initiating affiliative interaction, the maintenance of social bonds, contributes to the nonverbal communication of emotions [87] and reduces feelings of social exclusion [88], all social functions that are impaired in BPD [89].
Conclusion
The results of the current study provide novel empirical findings that pleasant touch perception is altered in BPD. A complex and partly distinct mechanism might underlie alterations in sensory and affective aspects of somatosensation, and accordingly, disturbances in sensory and affective processing might be differentially related to BPD psychopathology. Altered evaluation of pleasant touch might be related to negative self-evaluation and traumatic experiences and could play an important role in impairments in social interaction, as pleasant touch is a basic affiliative social signal. A deeper understanding of the mechanisms behind altered processing of pleasant touch and the effects of pleasant touch stimulation might help in the development of innovative treatment approaches, as our results indicate that there might be beneficial effect of pleasant touch stimulation on state psychopathologies in case of positive touch perception. If future studies reveal antecedents of positive touch perception in BPD, a positively valenced somatosensory stimulation might serve as a substitute action for self-infliction of pain in terms of nonsuicidal self-injury behavior which is common in BPD [90] and primarily motivated by a reduction of aversive inner tension and related dissociative states [91].
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