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1. Measures of empathy, behavioral approach and aggression (Self-reports: BPAQ, BISBAS and IRI) 
In an exploratory manner, we investigated self-reported empathy from before and after SCP-neurofeedback training. For assessing empathic competencies, the German version of the Interpersonal Reactivity Index (IRI; German version: Saarbrücker Persönlichkeitsfragebogen SPF [1]; Paulus [2]) was used. Besides the Total IRI Score, the IRI encompasses four different dimensions of dispositional empathy: (a) Fantasy, (b) Empathic Concern, (c) Distress and (d) Perspective Taking, showing good psychometric properties (re-test reliability between .62 and .80 [3]). 
In addition to the already published results of the main study of Konicar et al [4], showing a decrease in behavioral approach and aggression, relationships between those self-reports and physiological indices were analyzed. Thus, a brief description of the measures is provided as follows. 
The Behavior-Inhibition/Behavior-Activation System Questionnaire (BIS/BAS [5]) comprising a BIS Total Score and a BAS Total Score (containing the subscales BAS Drive, BAS Fun Seeking and BAS Reward Responsiveness) was given to the participants to detect behavioral approach or avoidance tendencies. 
The German version of the Buss Perry Aggression Questionnaire (BPAQ [6]) was used as an index for aggression. Besides a Total Score it includes the subscales (a) Physical Aggression, (b) Verbal Aggression, (c) Anger and (d) Hostility. 
The used self-report questionnaires show satisfying re-test reliability: BPAQ [6] between 62 – .81 and BISBAS [7] between 0.59-0.69. 



2. Measures of heart rate and heart rate variability	
Attenuated resting heart rate is known to be a robust physiological correlate of antisocial behavior [8-20] and was found to be a general risk factor for proactive aggressive and impulsive psychopathic behavior in childhood and adolescence, as well as criminal behavior in adulthood [15-17]. In adults, studies show decreased heart rate in individuals with psychopathic traits compared to controls during cognitively demanding or stressful tasks [12-14].On the other hand, some studies find no associations between heart rate measures and psychopathy or antisocial behavior [18-20]. 
Therefore we aimed to explore this psychophysiological parameter in our psychopathic sample in an explorative manner, which is described as follows.
Heart rate was recorded using a finger pulse oximeter, a component of the Theraprax Q-EEG-System (NeuroConn GmbH, Illmenau, Germany), during the whole SCP-neurofeedback training. The Pan-Tompkins algorithm [21] was applied to detect QRS complexes in the raw heart rate signal, which was previously high-pass filtered at 0.01 Hz. Based on the approach of Vollmer [22], we quantified heart rate variability via the rMSSD indicator:
	
	
	


The rMSSD gives the root mean square difference between successive R-R intervals and is considered a reliable and valid time-domain measure of heart-rate variability. Heart rate data was segmented into trials and averaged across sessions in a similar manner as with electrodermal response (e.g. electrodermal activity, EDA) data. The time window for calculating the rMSSD was 200 (20x10) seconds for the positive and 200 (20x10) seconds for the negative trials during the first 6 sessions and 80 (8x10) seconds for the positive and 320 (32x10) seconds for the negative trials during the last 6 sessions. Data for the first 6 and last 6 sessions were averaged separately. 
3. Statistical analysis of self-report measures and heart rate measures
In order to investigate changes in the IRI in an exploratory manner, paired sample t-tests were performed. Regarding the exploratory inspection of relationships between self-report scores, resting state EEG and EDA, scores from pre-measures were subtracted from post-measure scores (t2-t1) and used as change indices in addition to the reported neurophysiological indices of SCP training4.
The statistical analysis of and heart rate variability was done with a 2x2x2 repeated measures ANOVA with factors “Time” (first six training sessions / last six training sessions), “Condition” (feedback blocks / transfer blocks) and “Task” (positivity trials/ negativity trials). 
For all exploratory analyses of EEG and peripheral physiological measures, two-tailed p-values were used; no Bonferroni correction was applied due to the exploratory nature of the analyses.
The Greenhouse Geisser Correction was applied whenever the sphericity assumption was violated.













4. Results

4.1 Changes in self-reported empathy, behavioral approach and aggression (t2-t1)
In addition to the reported improvements in aggression (BPAQ) and approach behavior (BISBAS) after SCP neurofeedback training51, changes in empathy were detected. While the increase in the Total IRI did not reach the level of significance, both the subscale Perspective Taking (t(13)= -1.932, p = .038) and the subscale Empathic Concern (t(13)= -2.28, p = .02) increased significantly from before to after SCP-neurofeedback training. An overview over all self-reported changes is summarized in Table 1.

















Table 1. Changes in self-reports. (BPAQ: Buss-Perry Aggression Questionnaire, BISBAS: Behavioral Approach Behavioral Avoidance, IRI: Interpersonal Reactivity Index). t1= before brain self-regulation training, t2 = after brain self-regulation training.




.
	IRI
	Mean (t1)
	SD(t1)
	Mean (t2)
	SD (t2)
	T (t2)
	P (t2)

	Fantasy
	12,29
	2,894
	11,57
	3,589
	,801
	0,219

	Perspective Taking
	14,00
	3,783
	15,14
	2,770
	-1,932
	0,038*

	Empathic Concern
	14,14
	2,538
	15,57
	1,651
	-2,280
	0,020*

	Distress
	9,00
	2,353
	8,71
	2,268
	,409
	0,345

	IRI Total
	31,43
	7,035
	33,57
	6,607
	-1,226
	0,121

	BISBAS
	Mean (t1)
	SD(t1)
	Mean (t2)
	SD (t2)
	T (t2)
	P (t2)

	BAS Drive
	2,98
	0,55
	2,79
	0,64
	2,24
	0,022*

	BAS Fun Seeking
	3,02
	0,56
	2,93
	0,60
	1,00
	0,168

	BAS Reward Responsiveness
	3,11
	0,44
	2,83
	0,48
	2,74
	0,008*

	BIS Total
	2,77
	0,25
	2,65
	0,22
	1,30
	0,108

	BAS Total
	3,04
	0,39
	2,85
	0,42
	3,31
	0,003*

	BPAQ
	Mean (t1)
	SD(t1)
	Mean (t2)
	SD (t2)
	T (t2)
	P (t2)

	Physical Aggression
	27,00
	10,08
	23,86
	8,42
	1,995
	,034*

	Verbal Aggression
	14,57
	3,08
	14,93
	4,12
	-,510
	,310

	Anger
	18,86
	6,05
	17,79
	6,68
	,845
	,207

	Hostility
	21,00
	5,12
	21,71
	4,46
	-,629
	,270

	BPAQ Total
	81,43
	21,00
	78,29
	19,56
	,903
	,192









4.2 Changes in heart rate and heart rate variability during SCP neurofeedback (t2-t1)
Regarding heart rate and heart rate variability, there were neither significant main effects of ‘Block’, nor main effects of ‘Time’ e.g. no significant changes in heart rate or heart rate variability, from the beginning to the end of the SCP-neurofeedback training or between the feedback or transfer condition. A significant main effect of ‘Task’ was observed (F(1, 13) = 17.31, p < .001), indicating that heart rate during negativity trials (e.g. increased cortical preparation) was significantly higher than during positivity trials (e.g. decreased cortical preparation). Further, this discrimination was apparent already in the very beginning of brain regulation training and remained stable until the end of the training, as depicted in Fig 1. 
In summary, this finding indicates that similarly to the EDA, the heart rate of psychopathic subjects varied according to the different required brain activity levels: heart rate rose during the increase in cortical activation (negativity task), and decreased in trials which required a reduction in cortical activation (positivity task). 
Heart Rate Variability (HRV) did not change significantly from the beginning to the end of the SCP neurofeedback training, as indicated by Fig 2.
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Fig 1. Main effect of SCP neurofeedback task indicates lower heart rate during positivity tasks of SCP neurofeedback than during negativity tasks of SCP neurofeedback. No main effect of Time from the first six to the last six SCP neurofeedback sessions was found.
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Fig 2. HRV during SCP-neurofeedback. Non-significant increase of heart rate variability from the beginning to the end of the SCP neurofeedback training. The significant effect of Task indicates higher heart rate variability during positivity trials of SCP-neurofeedback than during negativity trials of SCP-neurofeedback. 


4.3  Relationships between changes in resting state EEG and changes in self-reports
A significant relationship was found between the subscale Anger of the BPAQ [5] and the change in alpha frequency band at midline regions, indicating, that the more alpha frequency has increased after neurofeedback training, the more the subscale Anger decreased (EC: r = -0.62, p = .0017) as depicted in Fig 3a.
Theta frequency band changes at parietotemporal regions were found to be moderately correlated with the IRI Total [2] (EC: r = -0.54, p = .049, see Fig 3b), the subscale Fantasy (EC: r = -0.58, p = .028, EO: r = -0.54, p = .047) and the subscale Distress (EC: r = 0.52, p = .056; EO: r = 0.57, p = .035). Analysis regarding theta frequency band changes at midline regions are consistent with this pattern: a moderate correlation were found with the IRI subscale Fantasy (EO: r = -.57, p = .034). These correlations suggest that the more theta frequency band activity decreased at parietotemporal sites, the more Empathy increased from pre to post neurofeedback training. The opposite pattern is observed for Distress: the more theta frequency band activity was reduced after neurofeedback training, the more Distress also decreased. 
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Fig 3a. Relationship between the increase of alpha band activity from t1 to t2 and the decrease of Anger (BPAQ; t2-t1). Each dot represents one participant.
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Fig 3b. Relationship between the decrease of theta band activity from t1 to t2 and the increase in Empathy Total (IRI) from t1 to t2. Each dot represents one participant.


No significant relationships were found between other psychological self-reports and EEG resting state indices; trends are summarized in the following paragraph. 

A trend for a relationship between the increase in alpha frequency band from before to after neurofeedback training at midline regions and the decrease in the subscale Distress of the IRI was found (EC: r = -0.49, p = .074).  Further trends were found between the increase in alpha frequency band from before to after neurofeedback training at parietotemporal regions and the subscale empathic concern (EC: r = 0.48, p = .079) as well as with the total empathy index IRI Total was found (EC: r = 0.48, p= .080).  
Regarding delta frequency band, no relationship reached the level of significance - only trends with psychological indices were found. Firstly, a trend between the decrease in delta frequency band from before to after neurofeedback at parietotemporal region and the BAS Total Score (EC: r = -0.51, p = .065) as well as with the BAS subscale Reward Responsiveness (r = -0.49, p = .074) was found. These relationships suggest that the more delta band is decreasing from before to after neurofeedback training, the less of a decrease is observed in BAS Total. Secondly, trends were found suggesting a relationship with the empathy indices of the SPF. Trends were found between the decreases in delta frequency band at parietotemporal region with the subscale Distress (EC: r = 0.49, p = .078), as well as with the SPF Total Score (EC: r = -0.46, p = .095). These trends indicate that the more delta frequency band is decreasing from before to after neurofeedback training, the more the total empathy index is increasing and the more the subscale Distress is decreasing. 
In summary, the most interesting finding of these exploratory investigations is that the post-neurofeedback decrease in slow frequency bands was linked to a significant increase in empathy, while the increase in alpha frequency band was found to be related to the reduction in anger. Considering that the two core social emotions: empathy (inversely linked to goal-directed aggression) and anger (linked to reactive aggression) both modulate the risk for aggression [23], the results of the exploratory analyses indicate that both types of aggression, which are traits of psychopathy, are not necessarily permanent, but are potentially modifiable via the a reduction of anger and an enhancement in empathic competencies. 
 4.4 Relationship between changes in EDA and changes in self-reports 
The electrodermal response e.g. electrodermal activity (EDA) in negativity trials was found to be linked to the behavior activation system (BAS; The Behavior-Inhibition/Behavior-Activation System Questionnaire, BIS/BAS [5]), i.e. the BAS subscale Reward Responsiveness (r = .53, p = .05) - supported by a positive trend for a relationship with BAS Total Score (r = .48, p = .082). These relationships indicate that a decrease in skin resistance (e.g. an increase in peripheral arousal) in negativity trials is accompanied by a decrease in reward and approach behavior over time.
No significant associations were found between the reported [4] changes in the subscale Physical Aggression of the BPAQ [6] following SCP neurofeedback training and changes in EDA. Only a trend for a relationship between EDA and BPAQ Total Score was observed (r = .48, p = .083), indicating that a decrease in Total Aggression is associated with a decrease in skin resistance (e.g. peripheral arousal is increasing) in negativity trials over time. No significant relationships were found between EDA- indices and changes in IRI [2].
In summary, these exploratory analyses give us a hint that there might be a possible link between self-reported changes in the behavioral activation system (e.g. reductions in approach and reward behavior) and the increased peripheral arousal in the negativity tasks of the SCP-training.
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4.5 Relationships between psychopathy scores and changes in self-reports

Table 2. Relationship between psychopathy scores and changes in self-reports.
Changes of the empathy indices of the IRI: the significant relation between the PCL-R Total score and the changes on the subscale Fantasy and similar trends of other SPF – PLC-R subscale, indicate that subjects with higher degrees in psychopathy tend to show also higher increases in empathy indices of the SPF from before to after neurofeedback training than subjects with lower degrees in psychopathy.
Changes in the behavioral systems of the BIS/BAS: these correlations indicate that the lower the subject scored on the PCL-R, the higher was the reduction in behavioral approach and avoidance from before to after neurofeedback training. 
Changes in aggression indices of the BPAQ: the correlations follow a similar trend: the lower the subjects score on the PCL-R, the more the subjects could reduce the different indices of aggression. The only significant exception here is the subscale Hostility: the higher the subjects scored on the PCL-R Lifestyle Facet or on the Facet Antisociality, the more they could reduce Hostility from before to after neurofeedback training. 
In the first lines, the correlation coefficient R is presented. The second line depicts the P-value of the correlation.


















	Changes in  self-reports (t2-t1)
	PCL-R 
Total Score
	Interpersonal  Facet 
(PCL-R)
	Affective Facet (PCL-R)
	Lifestyle Facet  (PCL-R)
	Antisocial  Facet  (PCL-R)

	IRI subscale Fantasy
	.587*
0.027
	-0,084
0,776
	0,492
0,074
	0,187
0,523
	0,372
0,191

	IRI  Perspective Taking
	0,126
0,667
	0,042
0,886
	0,048
0,872
	0,409
0,146
	-0,058
0,844

	IRI  Empathic Concern
	-0,004
0,990
	-0,199
0,496
	0,301
0,295
	0,386
0,172
	-0,196
0,501

	IRI  Distress
	-0,147
0,617
	0,178
0,543
	-0,263
0,363
	-0,368
0,195
	0,041
0,890

	IRI  Empathy
	0,402
0,154
	-0,118
0,689
	0,443
0,113
	0,439
0,116
	0,118
0,689

	IRI  Total Score
	0,400
0,157
	-0,171
0,559
	0,481
0,082
	0,520
0,057
	0,083
0,777

	BAS Drive
	0,297
0,302
	0,231
0,427
	0,269
0,352
	0,259
0,371
	-0,204
0,484

	BAS Fun Seeking
	0,264
0,363
	-0,017
0,953
	,566*
0,035
	0,339
0,236
	-0,320
0,264

	BAS Reward Responsiveness
	,827**
0,000
	0,310
0,280
	0,439
0,117
	,581*
0,029
	0,198
0,498

	BIS TOTAL Score
	,819**
0,000
	0,308
0,285
	,684**
0,007
	,670**
0,009
	-0,108
0,713

	BAS TOTAL Score
	,787**
0,001
	0,295
0,305
	,694**
0,006
	,657*
0,011
	-0,150
0,609

	BPAQ Physical Aggression
	0,324
0,259
	0,395
0,162
	0,365
0,200
	-0,163
0,577
	-0,309
0,283

	BPAQ Verbal Aggression
	0,489
0,076
	0,329
0,251
	0,341
0,233
	-0,065
0,826
	0,135
0,646

	BPAQ Hostility
	-0,097
0,741
	-0,025
0,934
	0,012
0,968
	-,549*
0,042
	-0,018
0,951

	BPAQ Total Score
	,541*
0,046
	0,131
0,654
	,818**
0,000
	-0,040
0,892
	-0,292
0,311














5. Design of clinical effect studies in psychopathic offenders 
From a methodological point of view, in general a double (or triple) blind controlled design is requested to prove clinical effectivity. In such a design matched participants would receive (a) a psychological/behavioral treatment or (b) psychophysiological feedback based on another EEG parameter, like alpha activity; or sham SCP-feedback or feedback from electromyographical activity, as a control condition. For sure a highly comparable control group (i.e., sham neurofeedback) could have revealed whether benefits derive from receiving a particular brain signal. The aim of the main study of Konicar et al. [4] was to investigate the self-regulation abilities and related behavioral outcomes in highly psychopathic patients, and not the comparison of neurofeedback with other similar treatments. Thus, because the present study is based on the data of Konicar et al. [4], and focuses on the exploration of possible changes in cortical, peripheral and psychological indices after SCP-neurofeedback, the limitations for the present study are the same as for the main results of the SCP study [4] (and therefore similar to the explanation of the limitation in the main Supplement of Konicar et al [4]).
Comparing the training outcome measures with those of a non-treatment group or a control group (a,b), would have required at least an age-, psychopathy- and offence- matched control group, which is not available in the German forensic hospitals. Note that, our sample consisted of offenders with high psychopathy scores and extreme crimes, exceeding markedly the proposed cut-off score [24] for German and European psychopathic samples. The comparison between our highly psychopathic group with severe and multiple offences and a group consisting of participants with less severe offences or low scores on the PCL-R might have revealed specific differences, but cannot be regarded as a matched control group. In addition, blinding of therapists in self-regulation treatment is impossible, because patients and therapists are continuously informed of the achieved brain changes, which leads to conscious or subliminal perception of treatment progress and therefore uncontrolled placebo responses. Although it is not easy to distinguish neurofeedback training effects from mere placebo effects (e.g., see Thibault et al. [25]), previous studies with healthy and psychopathological samples and different types of control procedures have attempted to disentangle such effects [26,27]. The physiological nature of the task, the extensive training time and the neurobiological measure limits the possibilities of placebo response, but certainly cannot exclude them completely.
Whether the modification of the cognitive and emotional behavior measured in this sample is sufficient for the compensation of the emotional and social deficits in psychopathy is an empirical question and needs larger sample sizes, which was outside the scope of the present study. 
Besides questionable validity of staff observations inside prisons or high security forensic units (or behavioral tests inside those institutions), the evaluation of behavioral changes and the internalization of proper social rules of conduct after the treatment by psychopathic patients are difficult tasks. Releasing successfully trained/ treated criminal patients and tracking their aggressive behavior or recidivism is out of the question because of ethical reasons and public safety. Only long-term follow ups after legal release from prison or forensic unit may provide an answer to the generalization problem. Most of the participants of our sample committed offences, which are usually punished with lifelong imprisonment or ordered to undergo indefinite time treatment in high security forensic psychiatry units.
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