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1 INTRODUCTION 

1.1 Theoretical Background 

The way we regulate emotions is a powerful determinant of behavior and directly impacts our 

affect and physiology (Gross, 2002). The adaptive use of emotion regulation in the long term 

has been shown to be an essential factor of mental well-being and for establishing healthy rela-

tionships (Gross & John, 2003). Therefore, it is not surprising that emotion regulation has been 

a popular topic in psychological research for the past decades (Gross, 2014; McRae & Gross, 

2020). At the same time, emotion regulation is of considerable interest for clinical research, as 

many mental disorders such as Borderline Personality Disorder (BPD) are in large part disor-

ders of emotion regulation (Aldao, Nolen-Hoeksema, & Schweizer, 2010; Campbell-Sills & 

Barlow, 2007; Glenn & Klonsky, 2009; Joormann & Gotlib, 2010; Schmahl et al., 2014; Sloan 

et al., 2017). Because of its important role in mental health, research has endeavored to improve 

methods to assess emotion regulation in the laboratory, to understand its biological underpin-

nings and to create trainings and specific clinical programs that aim to augment the ability to 

regulate emotions in a healthy and adaptive way. 

An important question within the field of emotion regulation research has been the adequate 

assessment of emotion and emotion regulation in the laboratory. Studies have heavily benefitted 

from psychophysiological measures, as they move beyond self-report and are cost-efficient and 

relatively easy to implement as compared to functional magnetic resonance imaging (fMRI). 

However, psychophysiological effects of emotion regulation have been inconsistent across 

studies and the causes for these inconsistencies remain unknown. The assessment of psycho-

physiological effects of emotion regulation is not only important for laboratory research wish-

ing to understand the biological mechanisms of emotion regulation but is also critical for studies 

aiming to assess training-related changes of emotion regulation in clinical populations (De 

Witte, Sutterlin, Braet, & Mueller, 2017; Svaldi, Tuschen-Caffier, Lackner, Zimmermann, & 

Naumann, 2012).  

Several psychotherapeutic approaches are available for patients with emotion regulation prob-

lems (Bateman & Fonagy, 2007; Linehan, 1993) that have been shown to be effective to im-

prove BPD symptoms (Stoffers et al., 2012). Dialectical behavior therapy (DBT; Linehan, 

1993), originally developed for patients with borderline personality disorder, has a primary fo-

cus to teach patients how to regulate their emotions. DBT has shown medium effect sizes in 

symptomatology compared to treatment as usual (TAU; Cristea et al., 2017; Stoffers et al., 
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2012), but besides the convincing success, there is still a demand to further improve therapy 

and provide targeted therapeutic options, tailored to the needs of BPD. A new technique to 

potentially improve emotion regulation is amygdala neurofeedback training (Linhartová et al., 

2019). Because amygdala hyperreactivity is assumed to underlie emotion regulation problems 

in BPD (Schulze, Schmahl, & Niedtfeld, 2016), neurofeedback to downregulate the amygdala 

might be a potential new training to complement therapy in this clinical population. Amygdala 

neurofeedback has already been shown to be feasible in BPD (Paret et al., 2016) but there are 

several questions that are still open for debate. For example, little is known about what aspects 

of BPD symptomatology and emotion dysregulation improve with normalization of amygdala 

activation. In addition, the mechanisms of amygdala neurofeedback to change emotion are not 

fully understood. These questions are critical for the selection of primary outcome measures 

urgently needed to conduct randomized controlled trials (RCT). Such trials will ultimately an-

swer the question whether amygdala neurofeedback in BPD has an effect above and beyond 

placebo.  

It is because of these reasons that the present thesis is dedicated to identifying suitable measures 

of emotion regulation changes after amygdala neurofeedback training in BPD and to advancing 

psychophysiological assessment of emotion regulation in general. As such, the present thesis 

provides the groundwork for future RCTs in amygdala neurofeedback in BPD. In addition, the 

present thesis also provides the empirical base for studies wishing to assess emotion regulation 

effects via psychophysiology in the laboratory. 

In the following sections, the concept of emotion regulation will be introduced and its manifes-

tation on behavioral, psychophysiological and neural measures will be reviewed. Following 

this, previous research on the different manifestations of emotion dysregulation in BPD will be 

outlined and amygdala neurofeedback training as new technique to tackle emotion regulation 

problems will be introduced. From significant gaps in each of these fields of literature, the 

central research questions will be derived and outlined in detail. 

1.1.1 Emotion Regulation 

Emotion regulation allows us to control “what kind of emotions we have, when we have them 

and how we experience and express these emotions” (Gross, 1998b; p. 275). Individuals can 

choose from a variety of different regulation strategies to modify emotions. In an attempt to 

classify these strategies into broader categories, researchers have developed a number of theo-

retical models (Gross, 1998a; Gyurak, Gross, & Etkin, 2011; Koole, 2009; Larsen, 2000; 

Parkinson & Totterdell, 1999).  
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The arguably most prominent approach is the process model of emotion regulation (Gross, 

1998a, 2015). It assumes that the key dimension on which emotion regulation strategies differ 

is their timing, that is, when they are being applied during the emotion generative process. As 

such, the process model divides emotion regulation strategies into antecedent-focused emotion 

regulation strategies, i.e. strategies that are applied before the emotional response has fully un-

folded, and response-focused emotion regulation strategies, i.e. emotion regulation when the 

emotional response is already under way. Antecedent-focused emotion regulation strategies are 

situation selection or situation modification, attentional deployment, and cognitive change, 

with attentional deployment and cognitive change being the most common antecedent-focused 

strategies analyzed in emotion regulation studies. Attentional deployment involves directing 

attention away from certain aspects of a situation and is also rereferred to as distraction. Cog-

nitive change involves reappraising the situation by altering its meaning or to distance oneself 

from the situation, oftentimes referred to as reappraisal. In contrast to these antecedent-focused 

strategies, response-focused strategies refer to suppression or exaggeration of physiological, 

cognitive, and behavioral processes of the emotional response.   

A recent extension of the process model, the extended process model (Gross, 2015) comple-

ments the previous version by defining when emotion regulation starts and stops. In brief, it 

assumes that emotions are a result from valuating perceptions as “good or bad for me”. If the 

valuation is “bad for me,” a goal to modify is activated, which can be achieved with the five 

emotion regulation strategies mentioned above. Each emotion regulation strategy has different 

stages, namely identification (whether to regulate the emotion), selection (what strategy to use), 

and implementation (implementing a specific strategy suited to the present situation). Each of 

these stages is further divided into sub-stages of perceiving, valuating and acting. If the initially 

activated goal corresponds to the perceived emotional experience, the cycle stops. Otherwise, 

it continues in a dynamic fashion by either maintaining or switching a strategy. At each of the 

stages, impairments can lead to emotion dysregulation (Sheppes, Suri, & Gross, 2015). 

Another model categorizes emotion regulation strategies on a spectrum ranging between ex-

plicit and implicit emotion regulation (Gyurak et al., 2011). Within this framework, explicit 

emotion regulation has been defined as processes that are conscious, effortful and require mon-

itoring during implementation. In other words, individuals are aware that they regulate. Implicit 

emotion regulation on the other hand has been defined as a process that is initiated rather auto-

matically and does not require active monitoring. During implicit emotion regulation, individ-

uals are not necessarily aware that they are regulating emotions. Although explicit strategies 

are cognitively more demanding than implicit strategies, they are useful for adjusting emotional 
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reactions in specific contexts, e.g. suppressing an anger reaction to a colleague (Gyurak & 

Etkin, 2014).  

1.1.1.1 Affective Consequences of Emotion Regulation 

The process model assumes that antecedent-focused emotion regulation strategies such as re-

appraisal should be more effective and less effortful to modify emotions than response-focused 

strategies such as suppression (Gross, 1998a, 2002). This assumption was supported by studies 

comparing the effects of reappraisal with the effects of suppression. They demonstrated that 

reappraisal was more successful than suppression in downregulating subjective negative 

(Ehring, Tuschen-Caffier, Schnulle, Fischer, & Gross, 2010; Gross, 1998a; Hofmann, Heering, 

Sawyer, & Asnaani, 2009) and positive emotional experiences (Kalokerinos, Greenaway, & 

Denson, 2015). They also showed that the frequent use of reappraisal was associated with a 

more adaptive profile of emotion experience and cardiovascular responding (Mauss, Cook, 

Cheng, & Gross, 2007), appeared to be less cognitively effortful than suppression (Richards & 

Gross, 2000) and was less associated to self-reported stress than suppression (Moore, Zoellner, 

& Mollenholt, 2008). Studies comparing reappraisal with distraction indicate that reappraisal 

could be more successful in downregulating subjective emotional experience emotions than 

distraction (Schonfelder, Kanske, Heissler, & Wessa, 2014). 

More recently however, research has departed from dividing emotion regulation strategies into 

adaptive and maladaptive categories but rather emphasizes the context in which emotion regu-

lation strategies are applied (McRae, 2016). A growing body of evidence suggests that contex-

tually appropriate and flexible use of emotion regulation may be a marker of mental health. Bet-

ter performance during an emotion suppression task for example has been related to higher 

well-being and socio-economic status (Côté, Gyurak, & Levenson, 2010). Moreover, suppres-

sion is more frequently used when facing high as opposed to low intensity stimuli (Dixon-

Gordon, Aldao, & De Los Reyes, 2015). Similarly, both healthy controls and patients with 

borderline personality disorder (BPD), choose distraction over reappraisal when dealing with 

high intensity stimuli but preferred reappraisal when dealing with low intensity stimuli (Sauer 

et al., 2016), implying that stimulus intensity is an important determinant of adaptive emotion 

regulation.  

1.1.1.2 Neural Correlates of Emotion Regulation 

The brain system supporting emotion regulation has been extensively studied in the past. There 

are five meta-analyses (Buhle et al., 2014; Diekhof, Geier, Falkai, & Gruber, 2011; Frank et 
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al., 2014; Kohn et al., 2014; Morawetz, Bode, Derntl, & Heekeren, 2017) showing that the 

fronto-parietal network (i.e. ventrolateral prefrontal cortex (vlPFC)/dorsolateral prefrontal cor-

tex (dlPFC)) extending to the dorsal anterior cingulate (dACC) and inferior and superior parie-

tal cortex, and the amygdala are involved during emotion regulation. More specifically, Kohn 

et al. (2014) reported co-activation patterns of reappraisal downregulation in the dlPFC, vlPFC, 

dACC, supplementary motor area (SMA) and parietal cortex. Buhle et al. (2014) assessed the 

neural correlates of both reappraisal up- and downregulation and identified a similar regulatory 

network (i.e. dlPFC, vlPFC, dACC, SMA and parietal cortex) and a modulatory influence of 

these regions on the amygdala.  Frank et al. (2014) assessed emotion up- and downregulation 

and found the bilateral amygdala and parahippocampal gyrus to be decreased during downreg-

ulation and increased during upregulation, and a similar regulation network including the 

dlPFC, dACC and premotor cortex during both up- and downregulation. Finally, Morawetz et 

al. (2017) analyzed different emotion regulation strategies and found that the left vlPFC, the 

anterior insula and the SMA were activated independent of the regulation strategy. In addition, 

vlPFC and posterior cingulate cortex were the main regions consistently found to be recruited 

during the upregulation as well as the downregulation of emotion.  

Together with the findings in recent meta-analyses, previous research points to a specific amyg-

dala–frontal circuit of emotion generation and regulation (Banks, Eddy, Angstadt, Nathan, & 

Phan, 2007; Etkin, Büchel, & Gross, 2015; Ochsner & Gross, 2005). That is, during cognitive 

emotion regulation, the fronto-parietal network including the anterior cingulate cortex are as-

sumed to downregulate amygdala activity (Banks et al., 2007; Urry et al., 2006). Although 

interactions within the fronto-limbic network are rather complex, research widely agrees on the 

fact that the amygdala plays a crucial role for processing, expressing, and experiencing emo-

tions (Buhle et al., 2014; LeDoux, 2007; Phelps & LeDoux, 2005). Hence, therapeutic inter-

ventions that involve the amygdala might have the potential to improve emotion regulation. 

1.1.1.3 Psychophysiological Consequences of Emotion Regulation 

Emotions initiate a set of psychophysiological reactions including autonomic responses, facial 

behavior and somatic reflexes (Bradley, Codispoti, Cuthbert, & Lang, 2001; Kreibig, 2010; 

Siegel et al., 2018). Autonomic responses of emotions include cardiovascular, electrodermal 

and respiratory responses (Kreibig, 2010; Siegel et al., 2018; Stemmler, 2004). The autonomic 

nervous system is divided into the excitatory sympathetic nervous system, which can elicit de-

fensive behavior and the inhibitory parasympathetic nervous system. The sympathetic and par-

asympathetic system run antagonistically, which then causes changes in physiological arousal 
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(Ulrich-Lai & Herman, 2009). Each autonomic measure differs with respect to its sympathetic 

and parasympathetic influence. For example, pre-ejection period and skin conductance are com-

monly regarded as an index of sympathetic activity, whereas heart rate and blood pressure re-

flect a blend of sympathetic and parasympathetic activity (Cacioppo, Berntson, Larsen, 

Poehlmann, & Ito, 2000; Schächinger, Weinbacher, Kiss, Ritz, & Langewitz, 2001). In contrast, 

high-frequency components of heart rate variability primarily reflect an index of cardiac vagal 

tone, which can be interpreted as the influence of parasympathetic activity to cardiac regulation 

(Malik et al., 1996).  

Electromyography is a technique to measure electric activity of sceletar muscles. In emotion 

research, electromyography has been primarily used to measure facial muscle activity, for ex-

ample the orbicularis oculi muscle to assess the startle response (Lang, Bradley, & Cuthbert, 

1990), and the zygomaticus major and the corrugator supericilii muscle groups which are asso-

ciated with smiling and frowning. Previous research has demonstrated that activity of the cor-

rugator and zygomatic muscle vary inversely with the emotional valence of emotional stimuli 

(Bradley, Codispoti, Cuthbert, et al., 2001). Similarly, a substantial body of work (Davis, 

Campeau, Kim, & Falls, 1995; Lang et al., 1990) demonstrated that startle amplitudes are in-

creased and decreased in negative and positive emotional states, respectively (i.e. emotion-mod-

ulated startle), with responses being more potentiated and inhibited during viewing of highly 

arousing stimuli (Bradley, Codispoti, Cuthbert, et al., 2001; Vrana, Spence, & Lang, 1988). 

Much evidence has accumulated suggesting that suppression is related to an increase in sym-

pathetic nervous system activity but does not significantly change self-report to negative stimuli 

(Gross & Levenson, 1993, 1997; Richards & Gross, 1999). The enhanced sympathetic activa-

tion following suppression has led researchers to conclude that suppression “exacts a palpable 

physiological cost” (Gross & Levenson, 1997, p. 101). In other words, because response-fo-

cused strategies involve an active modulation of expressive behavior, increased sympathetic 

activation might be the result of that effort (Butler et al., 2003). In contrast, past literature has 

proposed that reappraisal has little impact on sympathetic and cardiovascular measures (Gross, 

1998a). A meta-analysis studying the overall physiological effect of different emotion regula-

tion strategies confirmed this general pattern: cognitive change had a smaller effect on physi-

ology than response modulation (Webb, Miles, & Sheeran, 2012).  

Both emotion-modulated startle and facial electromyography can also be used to measure emo-

tion regulation. The emotion-modulated startle response is inhibited when down-regulating and 

potentiated when up-regulating negative emotions (Adolph & Pause, 2012; Bernat, 

Cadwallader, Seo, Vizueta, & Patrick, 2011; Conzelmann, McGregor, & Pauli, 2015; Dillon & 



Introduction 

 13 

LaBar, 2005; Driscoll, Tranel, & Anderson, 2009; Grillon, Quispe-Escudero, Mathur, & Ernst, 

2015; Jackson, Malmstadt, Larson, & Davidson, 2000; Lee, Shackman, Jackson, & Davidson, 

2009; Lissek et al., 2007; Piper & Curtin, 2006). Similarly, studies have shown that corrugator 

activity is reduced when downregulating negative emotions and increased when upregulating 

negative emotions (Jackson et al., 2000).  

Several questions, however, remain unanswered. First, when looking at individual psychophys-

iological measures, findings are inconsistent with respect to the effects of emotion regulation 

on autonomic physiology. Studies show that reappraisal instructions for example have no effect 

on (Goldin, Moodie, & Gross, 2019; Gross, 1998a; Kalisch et al., 2005), increase (Lohani & 

Isaacowitz, 2014; Sheppes, Catran, & Meiran, 2009), or decrease skin conductance (Urry, van 

Reekum, Johnstone, & Davidson, 2009; Wolgast, Lundh, & Viborg, 2011). These inconsisten-

cies may be due to the large heterogeneity between studies, which can substantially affect the 

magnitude of the physiological responses. The contradictory pattern of results across the liter-

ature does not allow a straightforward interpretation and the causes for these inconsistencies 

are not well understood.  

Second, and with respect to the emotion-modulated startle, effects of emotion regulation appear 

to be more consistent, yet it remains unclear whether the startle response may change as a func-

tion of probe timing. In previous studies, small decreases of the startle amplitudes were ob-

served when probes were delivered 3 seconds into the regulation phase, but large decreases 

were observed when probes were delivered 8-11 seconds into the regulation phase (Dillon & 

LaBar, 2005; Jackson et al., 2000). However, these studies did not directly test whether startle 

inhibition during emotion down-regulation was significantly different at early versus late 

probes. Another study delivered the startle probe 2 seconds into the reappraisal phase and re-

ported non-significant startle inhibition (Eippert et al., 2007). Most pronounced amygdala 

down-regulation in this study was observed after probe presentation, suggesting that the probe 

might have been given too early to reliably detect reappraisal effects (Eippert et al., 2007). 

According to the implementation- maintenance model (IMMO; Kalisch, 2009; Paret et al., 

2011) reappraisal is divided into two phases: In the early phase, participants choose and imple-

ment a strategy, whereas in the late phase they maintain the strategy in working memory and 

monitor its success.  

Together with results from previous studies, this suggests that startle modulation may become 

more pronounced as soon as the maintenance of reappraisal predominates and therefore reap-

praisal might need several seconds until it effectively reduces negative emotions.  
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1.1.1.4 Assessment of Explicit and Implicit Emotion Regulation 

As reviewed above, emotion regulation can be conceptualized as a multicomponent process 

including affective, behavioral and physiological consequences and these components may be 

assessed in experimental studies on various system levels. 

First of all, questionnaires provide an easy way to assess emotion experience and self-reported 

behavior, and can be used cost-effectively to measure both trait and state features of emotion 

regulation. With trait questionnaire such as the Difficulties in Emotion Regulation Scale 

(DERS; Gratz & Roemer, 2004), or the Emotion Regulation Skills Questionnaire (SEK-27; 

Berking & Znoj, 2008)) one can assess the subjective use of adaptive emotion regulation.  

In addition, state questionnaires such as the Self-Assessment-Manikin (SAM; Bradley & Lang, 

1994) can be used in experimental paradigms of emotion regulation, where participants have to 

rate their current affective state after each emotional stimulus presented.  

The laboratory experimental approach may complement questionnaire data, as it offers system-

atic and reliable information about the relations between specific emotional stimuli and their 

experiential, physiological and behavioral responses under well-controlled conditions.  In a 

typical laboratory experiment to assess explicit emotion regulation, participants view emotional 

stimuli such as films or pictures and are either asked to apply a specific emotion regulation 

strategy (e.g., suppression) or to simply view the stimulus without trying to regulate the emo-

tions that arise in response to the stimulus. By including a “no regulation” condition as a control 

condition, it is possible to compare each regulation strategy to a condition where participants 

are told not to regulate their emotions. Successful emotion regulation in these paradigms is 

usually defined as significant short-term changes in affective (e.g., SAM rating), behavioral 

(e.g., facial expressions) or other physiological outcomes (e.g., neural or psychophysiological 

correlates) by contrasting the regulation with the control condition. The larger the difference in 

these domains, the more successful the regulation. The laboratory paradigm qualifies as an ex-

plicit emotion regulation task because participants are explicitly told to use a certain emotion 

regulation strategy and employ them in a conscious and deliberate way.  

A typical test to assess implicit emotion regulation (for definition see section 1.1.1) is the emo-

tional working memory task (EWMT; Krause-Utz et al., 2012; Oei et al., 2012). In this task, 

participants are shown a set of letters that they have to keep in mind while getting distracted by 

a picture. A second set of letters is presented afterwards, and the participants have to indicate 

whether one of the letters in the second set match with the letters shown in the first set. Implicit 

emotion regulation is thus quantified by contrasting behavioral measures (i.e. response times 

and accuracy of responses) between trials with negative distractors and a control condition 
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(usually a neutral distractor). In addition, neural activation during the negative distractors might 

be contrasted to the control condition in order to measure implicit emotion regulation. The task 

qualifies as an implicit emotion regulation paradigm, because the distracting negative stimulus 

requires behavioral adjustments (e.g., emotion regulation) in order to achieve the goal of re-

sponding fast and accurately, but participants are not explicitly told to engage in emotion reg-

ulation. 

Both the laboratory experiment and the EWMT described above exhibit a high degree of stand-

ardization, but usually these laboratory experiments are experienced as artificial, which results 

in low external validity. New approaches such as ecological momentary assessment (EMA; 

Santangelo, Bohus, & Ebner-Priemer, 2014) try to overcome this problem. With EMA, mean 

levels of positive and negative affect as well as fluctuations in affect over a certain period of 

time for example can be measured in daily life (Ebner-Priemer et al., 2007). With that, the EMA 

approach is less prone to subjective distortion. 

The paradigms outlined above represent a selection of the many ways to quantify changes in 

emotions via emotion regulation. It should be highlighted that each of the paradigms have very 

different “readout” measures (e.g., neural change, psychophysiological change, self-report, be-

havioral measures) and consider the components of emotion change to different degrees. As 

such it becomes clear that there is no “gold-standard” outcome measure of emotion regulation. 

Rather, the literature suggests a multi-component approach to measuring emotional responses 

(Mauss & Robinson, 2009). The variety of paradigms however makes it difficult to determine 

a primary outcome measure of emotion regulation success in clinical research trials. 

1.1.2 Borderline Personality Disorder 

BPD is a serious mental disorder characterized by an instability in affect, identity, interpersonal 

relationships, and behavioral dysregulation (American Psychiatric Association, 2013). In addi-

tion, BPD patients often show chronic feelings of emptiness, stress-related paranoid ideation or 

dissociative symptoms, intense states of anger or problems controlling anger, self-injurious be-

havior and suicidal tendencies, and inadequate efforts to avoid abandonment (Lieb, Zanarini, 

Schmahl, Linehan, & Bohus, 2004; Oldham, 2006). It is believed that severe emotion dysregu-

lation lies at the core of BPD (Glenn & Klonsky, 2009; Sanislow et al., 2002; Schmahl et al., 

2014).  

With 10 up to 25% in clinical samples BPD is the most common personality disorder in clinical 

settings (Gunderson, 2009; Leichsenring, Leibing, Kruse, New, & Leweke, 2011; Torgersen, 

Kringlen, & Cramer, 2001). In the general population, its prevalence ranges between 0.5 and 
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5.9 % (Grant et al., 2008; Lenzenweger, Lane, Loranger, & Kessler, 2007; Torgersen et al., 

2001; Trull, Jahng, Tomko, Wood, & Sher, 2010). Functional impairment in BPD patients is 

considerable compared to other personality disorders (Ansell, Sanislow, McGlashan, & Grilo, 

2007). For example, completed suicide ranges between 3% and 10% of all BPD patients (Black, 

Blum, Pfohl, & Hale, 2004; Bohus & Schmahl, 2007; Temes, Frankenburg, Fitzmaurice, & 

Zanarini, 2019). Suicide attempts range between 60-80% (Black et al., 2004; Goodman et al., 

2017; Lieb et al., 2004; Oldham, 2006). These numbers emphasize the severe impairments in 

psychological well-being and social functioning these patients are suffering from. Given the 

severity of symptoms and that patients with BPD are such a large subset of psychiatric patients, 

it is not surprising that they consume considerably more mental health resources than most 

other psychiatric groups (Soeteman, Hakkaart-van Roijen, Verheul, & Busschbach, 2008; 

Zanarini, Frankenburg, Khera, & Bleichmar, 2001).  

1.1.2.1 Emotion Dysregulation and its Manifestation in BPD 

Emotion dysregulation has been conceptualized as maladaptive alterations in emotion genera-

tion and regulation (Sheppes et al., 2015). Theoretical approaches to emotion dysregulation 

differ with respect to the number of emotion dysregulation components and how they are 

termed (Carpenter & Trull, 2013; D'Agostino, Covanti, Rossi Monti, & Starcevic, 2017). As 

such, the construct “emotion dysregulation” goes beyond impairments in the implementation 

of explicit and implicit emotion regulation as reviewed above. 

According to the biosocial theory (Linehan, 1993), emotion dysregulation in BPD is developed 

through an interplay between biological vulnerabilities (e.g. genetic or intrauterine factors) and 

negative experiences in childhood or adolescence (e.g., interpersonal violence, emotional ne-

glect, invalidation). Because BPD patients are more sensitive to emotional stimuli from birth, 

they experience heightened negative affect and affective instability when encountering an emo-

tional stimulus, which then leads to an increase in dysfunctional emotion regulation strategies. 

This in turn may reinforce attention towards negatively valenced stimuli hence resulting in a 

vicious cycle of emotion dysregulation. Following this, the multi-component model of emotion 

dysregulation in BPD differs several components of emotion dysregulation, that is, heightened 

sensitivity towards negative stimuli, impairments in the implementation and maintenance of 

adaptive and appropriate emotion regulation strategies, and heightened and labile negative af-

fect (for a review see Carpenter & Trull, 2013).  
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The components of emotion dysregulation in BPD have been tested in a variety of experimental 

studies (Carpenter & Trull, 2013). These studies approached emotion dysregulation on several 

system levels such as self-report, neural activation and psychophysiology.  

1.1.2.1.1 Self-report 

Self-report studies demonstrate that BPD patients report greater lability in anger and anxiety 

compared to participants with other personality disorders (Koenigsberg et al., 2002). Problems 

with emotion regulation assessed with the DERS (Gratz & Roemer, 2004) was associated with 

BPD symptoms when accounting for negative affect, suggesting that emotion dysregulation is 

a crucial contributor to BPD (Salsman & Linehan, 2012). Moreover, a recent meta-analysis 

(Daros & Williams, 2019) revealed that symptoms of BPD were associated with less frequent 

use of emotion regulation strategies that would be considered more effective at reducing nega-

tive affect (i.e., cognitive reappraisal, problem solving, and acceptance) and more frequent use 

of emotion regulation strategies considered less effective at reducing negative affect (i.e., sup-

pression, rumination, and avoidance). 

Studies utilizing the ecological momentary assessment approach (Ebner-Priemer, Eid, 

Kleindienst, Stabenow, & Trull, 2009; Stone & Shiffman, 1994; Trull & Ebner-Priemer, 2009) 

revealed that BPD patients report negative affect more frequently and oscillate rapidly between 

emotions which results in high affective instability (Ebner-Priemer et al., 2007; Nica & Links, 

2009; Santangelo et al., 2014; Trull et al., 2008). 

1.1.2.1.2 Neural Activation 

Neuroimaging has become one of the most important methods to detect biological markers in 

patients with BPD that differentiate them from the healthy population. Studies have shown a 

reduced amygdala and hippocampal volume in BPD (Niedtfeld et al., 2013; Nunes et al., 2009; 

Ruocco, Amirthavasagam, & Zakzanis, 2012; Schmahl, Vermetten, Elzinga, & Douglas 

Bremner, 2003). The most prominent and consistent finding in BPD patients compared to 

healthy controls is a heightened activation of limbic regions such as the amygdala (Herpertz et 

al., 2001; Koenigsberg, Siever, et al., 2009; Minzenberg, Fan, New, Tang, & Siever, 2007; 

Schulze et al., 2011; Schulze et al., 2016; Schulze, Schulze, Renneberg, Schmahl, & Niedtfeld, 

2019) and insula (Krause-Utz et al., 2012; Niedtfeld et al., 2010; Ruocco, Amirthavasagam, 

Choi-Kain, & McMain, 2013; Schulze et al., 2011; van Zutphen et al., 2018) during the pro-

cessing of negative stimuli. BPD subjects moreover show sustained blood-oxygen-level de-

pendent (BOLD) responses of the amygdala in reaction to emotional stimuli (Hazlett et al., 

2012). Sustained amygdala BOLD response could indicate that the amygdala needs more time 
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to return to baseline and a failure to downregulate the amygdala in response to repeated presen-

tations of emotional pictures (Hazlett et al., 2012). Hyper-arousal of the amygdala is clinically 

important, given its role in appraising the affective salience of stimuli (Pessoa & Adolphs, 

2010), especially the appraisal of perceived threat and mediation of fear responses (LeDoux, 

2007). In addition to increased activation of limbic regions, BPD patients also show a hypoac-

tivation of frontal regions (Krause-Utz, Winter, Niedtfeld, & Schmahl, 2014) such as the ante-

rior cingulate cortex (ACC; Minzenberg et al., 2007) and the dlPFC (Schulze et al., 2016) dur-

ing the processing of negative stimuli. Overall, alterations in limbic and prefrontal regions 

might underlie the emotional disturbances BPD patients have (Schulze et al., 2016).  

To investigate the neural correlates of explicit emotion regulation in BPD, fMRI studies utilized 

emotion regulation paradigms established in general emotion regulation research, which have 

been described in section 1.1.1.4. Studies found that during regulation of negative stimuli, BPD 

patients showed less activity in regions associated with cognitive emotion regulation such as 

the dlPFC, the orbitofrontal cortex (OFC) and the ACC than healthy controls (Koenigsberg, 

Fan, et al., 2009; Lang et al., 2012; Schulze et al., 2011; van Zutphen et al., 2018). At the same 

time BPD patients showed increased activation of limbic regions such as the insula (Schulze et 

al., 2011) and the amygdala (Koenigsberg, Fan, et al., 2009) during emotion regulation com-

pared to healthy controls. To sum up at this point, the findings of the neural correlates of emo-

tion processing and regulation underpin the assumption of dysfunctions within the fronto-lim-

bic network in BPD, involving ACC, OFC, dlPFC, and - most importantly - the amygdala. 

1.1.2.1.3 Psychophysiological Alterations 

Studies assessing the biological underpinnings of emotion dysregulation in BPD have used psy-

chophysiological measures such as the emotion-modulated startle reflex (Barnow et al., 2012; 

Baskin-Sommers, Curtin, et al., 2012; Ebner-Priemer et al., 2005; Hazlett et al., 2007; Herpertz 

& Koetting, 2005; Herpertz, Kunert, Schwenger, & Sass, 1999; Limberg, Barnow, Freyberger, 

& Hamm, 2011; Thompson, Allen, Chong, & Chanen, 2018; Vitale & Newman, 2012), skin 

conductance response (Kuo, Fitzpatrick, Metcalfe, & McMain, 2015; Kuo & Linehan, 2009; 

Schmahl et al., 2004) and heart rate variability (Weinberg, Klonsky, & Hajcak, 2009) to study 

baseline psychophysiological arousal and reactivity to emotion stimuli compared to healthy 

controls or individuals suffering from other mental disorders.  

With regard to the emotion-modulated startle, some studies have found baseline heightened 

startle response in BPD versus healthy controls (Ebner-Priemer et al., 2005) and increased star-

tle response to aversive disorder-specific scripts (Limberg et al., 2011), negative words (Hazlett 

et al., 2007), and conditioned threat stimuli (Baskin-Sommers, Vitale, Maccoon, & Newman, 
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2012) in comparison to healthy controls. Other studies however did not support the notion that 

BPD patients show heightened startle response (Barnow et al., 2012; Herpertz & Koetting, 

2005; Herpertz et al., 1999; Vitale & Newman, 2012). Rather, these studies demonstrate that 

BPD patients exhibit a comparable potentiation of the startle amplitude to negative stimuli 

(Herpertz et al., 1999), as it is reported in many studies of healthy individuals (Jackson et al., 

2000). So far, only one study assessed the emotion-modulated startle reflex during emotion 

regulation in patients with BPD, but did not find diminished ability to regulate with respect to 

the modulation of the startle reflex compared to healthy controls (Thompson et al., 2018). Sim-

ilarly, effects of autonomic responses to emotional stimuli are mixed as well as in studies with 

healthy population. Some studies report significant differences in heart rate and skin conduct-

ance (Kuo & Linehan, 2009; Limberg et al., 2011), whereas others do not (Herpertz et al., 1999; 

Schmahl et al., 2004). Rosenthal et al. (2008) conclude that many studies provide at least some 

evidence that BPD patients exhibit greater emotional responding to emotionally evocative stim-

uli across certain psychophysiological indices, although findings are mixed. They discuss dis-

sociation, which may dampen the psychophysiological response (Barnow et al., 2012; Ebner-

Priemer et al., 2005), and the heterogeneity of BPD symptoms as potential contributors to the 

mixed findings (Rosenthal et al., 2008).  

In sum and as outlined in the paragraphs above, there are many tools to assess emotion dysreg-

ulation on different system levels in BPD. D'Agostino et al. (2017) however highlight that the 

instruments available are diverse and capture only a fraction of it, rather than measuring the 

whole construct of emotion dysregulation.  

1.1.2.2 Treatment of BPD 

Several methods of psychotherapy are available for patients with borderline personality disor-

der. Dialectical behavior therapy (DBT; Linehan, 1993) and Mentalization-based Therapy 

(Bateman & Fonagy, 2007) have both been shown effective for the treatment of BPD (Cristea 

et al., 2017; Stoffers et al., 2012). To date, DBT remains the most frequently studied treatment 

for BPD (Cristea et al., 2017) and its effects to reduce BPD symptoms have been shown to be 

stable over the course of 30 months after in-patient treatment (Fassbinder et al., 2007). When 

treated adequately, the remission rate after 10 years is at 86%, however, remission in BPD is 

considerably slower than in other mental disorders like major depression or other personality 

disorders (Gunderson et al., 2011). Despite the convincing success of DBT, there is still a de-

mand to further improve therapy and provide targeted therapeutic options, tailored to the needs 

of this patient population. Bohus et al. (2016) highlights a low coverage of treatment for BPD 



Introduction 

 20 

patients in Germany, which has been attributed to a lack of therapists and in-patient treatment 

that are specialized on BPD. In addition, some BPD patients profit more from psychotherapy 

than others. Because BPD comprises a set of diverse symptoms, some patients for example may 

suffer more from high impulsivity, whereas others may suffer more from emotion dysregula-

tion. As such, individualized treatments may help to address specific problems that patients 

undergo. 

1.1.3 fMRI Neurofeedback  

Neurofeedback has a long tradition within the field of electroencephalography (EEG), espe-

cially in its application to attention deficit hyperactivity disorder (ADHD) treatment (Enriquez-

Geppert, Smit, Pimenta, & Arns, 2019; Gevensleben, Rothenberger, Moll, & Heinrich, 2012). 

In the recent decade however, fMRI based neurofeedback has become increasingly popular as 

well (Sulzer et al., 2013; Thibault, Lifshitz, & Raz, 2018). fMRI-based neurofeedback is a form 

of biofeedback in which real-time online fMRI signals can be used for self-regulating brain 

function (Cox, Jesmanowicz, & Hyde, 1995; Weiskopf et al., 2003). In particular, information 

about the activity of a specific brain region (Weiskopf, 2012) or connectivity between brain 

regions (Koush et al., 2013) is fed back to the subject in real-time. It is assumed that one can 

train change and regulate one’s own neural activity with neurofeedback (Scharnowski & 

Weiskopf, 2015).  

fMRI detects the concentration of oxygenated and deoxygenated hemoglobin in the neural vas-

culature, which indicates the metabolic demands of the underlying brain activity (Attwell & 

Iadecola, 2002). fMRI neurofeedback has a higher spatial resolution than EEG neurofeedback 

and allows to noninvasively tackle subcortical structures such as the amygdala and other limbic 

regions. On the other hand, fMRI has a lower temporal resolution than EEG techniques. There 

is a hemodynamic delay of about 4-6 seconds that participants need to consider when engaging 

in fMRI neurofeedback (Thibault, Lifshitz, & Raz, 2016). 

The progress of neuroimaging has provided valuable data on neuronal networks and their rela-

tion to mental disorders, which has important implications for therapeutic approaches of these 

disorders (Linden, 2006; Linden et al., 2012). With neurofeedback we can make use of this 

information in order to target disturbed neural mechanisms in patient populations. There is ac-

cumulating evidence that aberrant neural activity which directly underlies dysfunctional behav-

iors and mental states may be changed with neurofeedback and therefore neurofeedback might 

be a promising therapeutic intervention (Lubianiker et al., 2019; Sitaram et al., 2017). Healthy 
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adults for example showed the ability to self-regulate brain activity in neural structures associ-

ated with affect such as the insula, amygdala and ACC (Caria et al., 2007; Hamilton, Glover, 

Hsu, Johnson, & Gotlib, 2011; Hellrung et al., 2018; Paret et al., 2014; Zotev et al., 2011). In 

addition, it has been shown that fMRI-based neurofeedback is feasible in various psychiatric 

conditions such as depression (Linden et al., 2012; Young, Misaki, et al., 2017; Young, Siegle, 

et al., 2017; Young et al., 2014), borderline personality disorder (Paret et al., 2016), posttrau-

matic stress disorder (Nicholson et al., 2017), obesity (Kohl et al., 2019; Spetter et al., 2017), 

tinnitus (Haller, Birbaumer, & Veit, 2010), schizophrenia (Ruiz et al., 2013), and Parkinson's 

disease (Subramanian et al., 2011). The majority of fMRI-based neurofeedback studies show 

that neural changes become visible after 30 minutes of  neurofeedback training and some stud-

ies even show that these changes can sustain up to 14 months (cf. Thibault et al., 2016).  

1.1.3.1 fMRI Neurofeedback to Change Emotion  

One of the most broadly studied transdiagnostic phenomena with fMRI neurofeedback is emo-

tion regulation (Linhartová et al., 2019). From a theoretical point of view it has been assumed 

that emotion regulation and brain self-regulation via neurofeedback underlies similar psycho-

logical processes (Paret & Hendler, 2020). At the same time, brain regions activated during 

processes of neurofeedback such as the ACC and the vlPFC (Emmert et al., 2016) largely over-

lap with the emotion regulation network (Paret & Hendler, 2020). As such it is probable that 

amygdala neurofeedback training can impact emotion regulation. 

In neurofeedback studies aiming to improve emotion regulation, the amygdala represents the 

most common target in these studies (Linhartová et al., 2019). Neurofeedback studies have both 

instructed participants to upregulate (Misaki et al., 2019; Young, Misaki, et al., 2017; Young, 

Siegle, et al., 2017; Young et al., 2014; Zotev et al., 2018) or to downregulate their amygdala 

response (Brühl et al., 2014; Herwig et al., 2019; Nicholson et al., 2017; Paret et al., 2014; Paret 

et al., 2016; Paret et al., 2018), indicating that neuromodulation of amygdala activation in both 

directions is possible with neurofeedback. 

Besides neuromodulation, the feasibility to change emotion with fMRI neurofeedback has also 

been demonstrated by a number of studies showing that symptoms of emotion dysregulation in 

clinical populations were improved after fMRI neurofeedback treatment (Gerin et al., 2016; 

Hamilton et al., 2016; Linden et al., 2012; Paret et al., 2016; Young, Siegle, et al., 2017; Young 

et al., 2014). Four controlled trials demonstrated greater improvement in measures of negative 

emotion with treatment, compared to a control group (Hamilton et al., 2016; Linden et al., 2012; 

Young, Siegle, et al., 2017; Young et al., 2014). Two studies which employed control groups 
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in a double-blind design showed that amygdala neurofeedback, compared to placebo-neu-

rofeedback, allows patients suffering from depression to regulate their amygdala and to improve 

their mood (Young, Siegle, et al., 2017; Young et al., 2014). However, both studies included 

small sample sizes, thereby limiting the interpretation of the effects. 

Symptom reduction after amygdala neurofeedback training has also been reported in patients 

with posttraumatic stress disorder (PTSD; Nicholson et al., 2017) and BPD (Paret et al., 2016). 

Because these studies did not assess a control group, specific effects of neurofeedback above 

and beyond placebo are yet to be shown in future RCTs (Linhartová et al., 2019).  

In addition, the mechanisms of amygdala neurofeedback to change emotion and emotion regu-

lation are not fully understood. Theoretical models of neurofeedback learning for example 

(Birbaumer, Ruiz, & Sitaram, 2013; Gevensleben, Moll, Rothenberger, & Heinrich, 2014) dif-

ferentiate between the conditioning-and-repairing model, which assumes that neurofeedback 

repairs a neural dysfunctions by implicit operant conditioning processes resulting in a decrease 

in related symptoms, and the skill-acquisition model, which assumes that during neurofeedback, 

effortful, explicit learning allow the acquisition of specific skills through cognitive-behavioral 

strategies. According to the skill acquisition model, improved brain self-regulation and reduc-

tion of the severity of symptoms do not necessarily correlate. There is a lack of experimental 

studies directly testing these learning models during amygdala neurofeedback (Paret & Hen-

dler, 2020). As such, it remains unknown what aspects of emotion regulation might be improved 

with amygdala neurofeedback. 

1.1.3.2 Emotion Dysregulation, BPD and Amygdala Neurofeedback 

As outlined above, it is assumed that aberrant amygdala activity underlies emotion dysregula-

tion in BPD (Schulze et al., 2016) and thus neurofeedback to downregulate the amygdala may 

be a candidate training to improve the neural dysfunctions underlying emotion regulation prob-

lems in BPD. Studies demonstrate associations between BPD diagnosis and amygdala hyper-

activation in response to emotion and emotion regulation (Schulze et al., 2019; Zilverstand, 

Parvaz, & Goldstein, 2017), show amygdala decrease after self-injury which is characteristic 

for BPD (Reitz et al., 2015), and report amygdala normalization after response to psychotherapy 

(Goodman et al., 2014). However, whether the training can cause actual improvements in emo-

tion dysregulation remains unknown. Very little knowledge exists on how amygdala hyperac-

tivation maps on behavioral correlates of emotion dysregulation and how it causes symptoms 

in BPD. In addition, we do not know how improvements in emotion regulation after amygdala 

neurofeedback training might be expressed in BPD. It could for example result in new or 
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strengthened skills to regulate emotions or in normalization of amygdala hyperreactivity in 

transfer tasks without feedback. 

This lack of knowledge impedes the informed selection of primary outcome measures for RCTs 

aiming to test the effectivity of amygdala neurofeedback in BPD. 

1.2 Research Questions 

The present work provides the groundwork for future RCTs of amygdala neurofeedback as a 

potential training of emotion dysregulation and extends knowledge about the assessment of 

emotion regulation in the laboratory using autonomic and electromyographic responses, in par-

ticular the emotion-modulated startle.  

Given the severity of BPD and its burden to the mental health care system, targeted therapeutic 

options tailored to the needs of this patient population are needed to complement therapy of 

BPD. Amygdala neurofeedback training is a candidate training to tackle emotion dysregulation 

in BPD. As outlined above, little knowledge exists on how amygdala hyperactivation maps on 

behavioral correlates of emotion dysregulation and how it causes symptoms in BPD. Empirical 

evidence for neurofeedback learning models is lacking and as such it is difficult to predict how 

amygdala neurofeedback maps on neural and behavioral measures. In addition, emotion 

(dys)regulation in both healthy subjects and BPD patients can be assessed at multiple levels of 

analysis, i.e. self-report, behavior, and biological correlates such as neural or psychophysiolog-

ical activity and researcher have a range of tools at hand to measure them. Each of these tools 

capture only a fraction of the construct of emotion dysregulation. Therefore, several questions 

need to be answered first, in order to be able to select a primary outcome measures for amygdala 

neurofeedback RCTs. 

Psychophysiological measures are cost-effective and move beyond self-report yet bear difficul-

ties in assessment, as previous research revealed highly inconsistent results and important mod-

erators are not identified yet. As such, it is very hard to predict emotion regulation effects on 

psychophysiology. In contrast to autonomic measures, the emotion-modulated startle seems to 

be a promising candidate to capture effects of emotion regulation. As reviewed above, previous 

studies demonstrated greater startle potentiation for probes delivered later compared to those 

delivered earlier during a 6-12s period of emotional picture viewing (Bradley, Codispoti, 

Cuthbert, et al., 2001; Sutton, Davidson, Donzella, Irwin, & Dottl, 1997). Studies assessing 

earlier probes did not reveal significant effects (Dillon & LaBar, 2005; Eippert et al., 2007). As 

such, it remains unclear whether the startle response may change as a function of probe timing. 

In light of the above, the first two studies were dedicated to identifying the effects of emotion 
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regulation on psychophysiological measures, to identify whether important aspects of the study 

design moderate these effects, and whether the timing of the startle probe significantly influ-

ences the startle during emotion regulation.  

Study I quantitively summarized the past literature on the effects of emotion regulation on 

common psychophysiological measures in healthy individuals using a meta-analytic approach. 

In total, 1353 studies were screened and k = 78 studies were identified as relevant. These studies 

each contributed multiple sub-samples and 23 meta-analyses for combinations of emotion reg-

ulation strategy and psychophysiological measure were conducted. In addition, important mod-

erating variables potentially causing some of the inconsistencies such as trial duration, nature 

of control instruction and emotion induction were tested and discussed as well. As such, study 

I provides an important contribution to the field as it identifies psychophysiological measures 

that are suited to quantify emotion regulation success in the laboratory as well as important 

moderating factors. 

Study II systematically tested effects of the startle probe timing on startle responses during 

emotion regulation in 47 healthy individuals in order to optimize the way we can track emotion 

regulation with the emotion-modulated startle and to avoid misinterpretation of non-significant 

results. In particular, it was hypothesized that later startle probes would achieve larger startle 

inhibition during reappraisal than earlier probes. 

To provide a profound methodological foundation of the assessment of emotion regulation via 

psychophysiology, the first two studies of the present thesis addressed a healthy population. 

The results of these studies were then used to address the last and most important aim of the 

present thesis, that is, identifying ways to test training-related changes of emotion dysregulation 

after amygdala neurofeedback training in BPD (Study III). A four-session amygdala neu-

rofeedback training was tested in 24 female BPD patients. Before and after the neurofeedback 

training, as well as at a 6-week follow-up assessment, measures of emotion dysregulation and 

BPD psychopathology were tested at diverse levels of analysis, including the emotion-modu-

lated startle piloted in Study II. It was hypothesized that with amygdala neurofeedback training, 

BPD patients would improve in general BPD psychopathology, decrease their amygdala re-

sponse to negative pictures, improve emotion regulation abilities measured with self-report and 

the startle response, and increased resting heart-rate variability.  

For an overview of the research structure and the relationship between the experimental studies, 

see Figure 1.1. 
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Figure 1.1. Research structure and the relationship between experimental studies. 

 

Amygdala Neurofeedback Training in Borderline Personality Disorder

Changes in emotion dysregulation measured via:
• Subjective experience (Questionnaires, clinical interview, ecological momentary assessment)

• Laboratory assessment (Heart rate variability, emotion-modulated startle)

• Neural activation in response to aversive pictures
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psychophysiological effects 

of emotion regulation stra-

tegies in healthy individuals.

Aim of study: Give overview 

of effects and identify im-

portant moderating vari-

ables.

Study II
N = 47

Experimental emotion reg-

ulation test in healthy indi-

viduals with the emotion-

modulated startle as depen-

dent variable. 

Aim of study: Assess whe-

ther timing of startle probe 

impacts effects.

Study III
N = 24

One-arm clinical study of 

amygdala neurofeedback 

training in patients with BPD.

Aim of study: Test different

emotion dysregulation out-

come variables to identify 

primary endpoints for future 

randomized controlled trials.
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2 STUDY I: PSYCHOPHYSIOLOGICAL EFFECTS OF DOWNREGULAT-

ING NEGATIVE EMOTIONS: INSIGHTS FROM A META-ANALYSIS 

IN HEALTHY ADULTS 

An adapted version of this chapter has been published as ‘Zaehringer, J., Jennen-Steinmetz, C., 

Schmahl, C., Ende, G., & Paret, C. (2020). Psychophysiological Effects of Downregulating 

Negative Emotions: Insights From a Meta-Analysis of Healthy Adults. Frontiers in Psycho-

logy, 11(470). doi:10.3389/fpsyg.2020.00470‘ 

2.1 Abstract 

Assessing psychophysiological responses of emotion regulation is a cost-efficient way to quan-

tify emotion regulation and to complement subjective report that may be biased. Previous stud-

ies have revealed inconsistent results complicating a sound interpretation of these findings. In 

the present study, we summarized the existing literature through a systematic search of articles. 

Meta-analyses were used to evaluate effect sizes of instructed downregulation strategies on 

common autonomic (electrodermal, respiratory, cardiovascular and pupillometric) and electro-

myographic (corrugator activity, emotion-modulated startle) measures. Moderator analyses 

were conducted, with moderators including study design, emotion induction, control instruction 

and trial duration. We identified k = 78 studies each contributing multiple sub-samples and 

performed 23 meta-analyses for combinations of emotion regulation strategy and psychophys-

iological measure. Overall, results showed that effects of reappraisal and suppression on auto-

nomic measures were highly inconsistent across studies with rather small mean effect sizes. 

Electromyography (startle and corrugator activity) showed medium effect sizes that were con-

sistent across studies. Our findings highlight the diversity as well as the low level of standard-

ization and comparability of research in this area. Significant moderation of effects by study 

design, trial duration, and control condition emphasizes the need for better standardization of 

methods. In addition, the small mean effect sizes resulting from our analyses on autonomic 

measures should be interpreted with caution. Findings corroborate the importance of multi-

channel approaches. 
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2.2 Introduction 

Emotion regulation is a vital part of our daily lives. It permits individuals to control the occur-

rence, intensity, type, and duration of emotions (Gross & Thompson, 2007). Strategies to reg-

ulate emotions not only alter the subjective experience of emotions (Gross, 1998a), but also 

map onto bodily responses such as changes in measures of the autonomic nervous system 

(Gross, 2002; Webb et al., 2012), emotion-expressive behavior (Dan-Glauser & Gross, 2011, 

2015), somatic reflexes such as the emotion-modulated startle (Jackson et al., 2000) or neural 

activation (Buhle et al., 2014; Ochsner et al., 2004). The habitual use of adaptive emotion reg-

ulation strategies is a hallmark of successful functioning and is associated with increased well-

being, whereas difficulties with regulating emotions have been linked to many psychopatholo-

gies (Aldao et al., 2010; Joormann & Vanderlind, 2014; Schmahl et al., 2014). In light of the 

significance of emotion regulation, appropriate experimental paradigms are required that are 

suitable for research involving large sample sizes and patient populations. In a typical emotion 

regulation study, emotions are experimentally induced using affective stimuli such as films 

(Gross & Levenson, 1995) or pictures (e.g., International affective picture system; Lang, 

Bradley, & Cuthbert, 2008). Participants are instructed to regulate their emotional experience 

or to respond naturally without regulating their emotions (i.e. the control condition). By com-

paring the regulation with the control condition it is possible to determine the effect of regula-

tion, which has been used as an indirect measure of emotion regulation effectiveness (Webb et 

al., 2012). Assessing psychophysiological correlates has several important advantages. They 

move beyond on-line self-reports and retrospective assessments, as physiological responding is 

regarded as automatic, relatively unconscious, and fast (Bradley, Lang, & Cuthbert, 1993; 

Edelmann & Baker, 2002; Lapate, Rokers, Li, & Davidson, 2014; Öhman & Soares, 1994; 

Olsson & Phelps, 2004). Research focusing on the direct effects of emotion regulation has 

found significant psychophysiological changes even when subjective experience remained un-

affected (Gross & Levenson, 1993, 1997). Hence, psychophysiological measures can offer im-

portant insights into internal emotional experiences that are not available by assessing self-

report. In addition, psychophysiological responses are easier to assess than neural physiological 

measures (e.g., functional magnetic resonance imaging) and are thus cost-efficient methods for 

quantifying differences in emotion regulation.  

2.2.1 Conceptual Foundations of Emotion Regulation 

There have been multiple attempts to classify emotion regulation strategies (Gross, 1998a, 

1998b; Koole, 2009; Larsen, 2000). One of the most influential models is the process model of 
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emotion regulation (Gross, 1998a, 1998b, 2015), which broadly categorizes strategies as either 

being antecedent-focused, i.e. strategies are implemented before the emotional response has 

fully unfolded, and as response-focused, i.e. strategies are implemented after the emotional re-

sponse has already been generated. The process model distinguishes five major emotion regu-

lation processes: situation selection (i.e. attempts to change a future emotional response), situ-

ation modification (i.e. changing the situation in order to modify its emotional effect), atten-

tional deployment (i.e. distraction away from or concentration on an emotional stimulus to 

modify the emotion itself), cognitive change (i.e. reappraise a situation or to change the per-

spective so that the emotional experience is modulated) and response modulation (i.e. strategies 

to suppress expressive behavior, thoughts, or emotions). Situation selection, situation modifi-

cation, attentional deployment and cognitive change are regarded as antecedent-focused and 

response modulation is regarded as a response-focused process.  

A majority of past emotion regulation studies have instructed participants to distract themselves 

from, reappraise or suppress1 a target stimulus in order to downregulate emotions. These strat-

egies correspond to attentional deployment, cognitive change and response modulation, respec-

tively, In addition, a considerable number of studies allowed participants to use a strategy of 

their own choice (Baur, Conzelmann, Wieser, & Pauli, 2015; Conzelmann et al., 2015; Dillon 

& LaBar, 2005; Driscoll et al., 2009; Golkar et al., 2014; Grillon et al., 2015; Jackson et al., 

2000; Lee et al., 2009; Lissek et al., 2007; Piper & Curtin, 2006) 

The present meta-analysis thus focuses on these four major types of downregulation instruc-

tions, that is distraction, reappraisal, suppression and downregulation instructions that allowed 

participants to choose their own strategy. Other strategies were out of the scope. For a compre-

hensive overview see Table 2.1. 

2.2.2 Psychophysiological Responses of Emotions and Emotion Regulation 

There is great interest in understanding the relationship between emotions and psychophysio-

logical responses including responses of the autonomic nervous system (i.e. cardiovascular, 

electrodermal, respiratory, pupillometric) and responses measured with the electromyogram 

(EMG) such as facial muscle activity (e.g., corrugator supercilii activity) and somatic reflexes 

 
1 Acceptance has become increasingly popular across the emotion regulation literature too, yet there has been a 

debate as to whether it belongs to antecedent (Webb et al., 2012) or response-focused processes (Hofmann & 

Asmundson, 2008) and as to whether it is a strategy or rather a function of different strategies. Given that very few 

studies on acceptance assessed psychophysiological responses, it is not included in the present review. 
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(e.g., emotion-modulated startle). The interested reader is directed to detailed reviews by 

Cacioppo et al. (2000),  Kreibig (2010), Siegel et al. (2018) and Stemmler (2004). 

 

Table 2.1 

Emotion downregulation processes and their strategies considered in this meta-analysis.  
Process Strategy Subtype Example 

Emotion regulation instructions 

Attentional de-

ployment 

Distraction Active distraction Participants are instructed to think about  

something positive or neutral that is unre-

lated to the target emotion/stimulus 

 

Cognitive 

change 

Reappraisal Reinterpret the emotional 

stimulus 

Participants are instructed to reinterpret the 

emotional stimulus to decrease the target 

emotion 

 

Reappraise via perspec-

tive taking, i.e. distanc-

ing 

Participants are instructed to alter the impact 

of a stimulus by adopting a more objective 

perspective 

 

Reappraisal mixed A mixture of reappraisal instructions 

 

Response Mod-

ulation 

Suppression Suppress the expression 

of emotion 

Participants are instructed to hide the way 

they are feeling, e.g. not to smile 

 

Suppress the experience 

of an emotion 

Participants are instructed to suppress their 

emotional experience 

 

  Suppress thoughts of the 

emotion eliciting event 

Participants are instructed to suppress 

thoughts about the emotion-eliciting event 

  Suppression mixed A mixture of suppression instructions 

 

Downregulation 

unspecified 

Own choice Own choice Participants are free to choose a strategy that 

works best for them. They are not allowed to 

create a different emotion or think of some-

thing unrelated to the stimulus 
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Table 2.1 (continued) 
Process Strategy Subtype Example 

Control instructions 

  No instruction (C1) No instructions are given 

 

  Instructions not to regu-

late (C2) 

Participants are told that they should not use 

a regulation strategy 

 

  Instructions to maintain 

(C3) 

Participants are instructed to maintain the tar-

get emotion 

  Instructions to experi-

ence naturally (C4) 

Participants are instructed to respond natu-

rally without regulating it 

 

  Control mixed (C5) A mixture of control instructions 

 

 

See Table 2.2 for an overview of relevant psychophysiological measures within the emotion 

regulation literature. Such relations have most commonly been studied in terms of two affective 

dimensions, that is valence (positive-negative) and arousal (high-low) (Bradley, Codispoti, 

Cuthbert, et al., 2001; Lang, 1995). Some measures such as heart rate, emotion-modulated star-

tle and facial activity are specific to the valence of the emotion (Bradley, Codispoti, Cuthbert, 

et al., 2001) and others such as skin conductance and pupil dilation are more specific to the 

arousal dimension (Bradley, Codispoti, Cuthbert, et al., 2001; Greenwald, Cook, & Lang, 1989; 

VanOyen Witvliet & Vrana, 1995). Past research has also put a lot of effort into answering the 

question whether different emotion categories (e.g., disgust, sadness, fear) produce distinct 

physiological response patterns. In a recent meta-analysis the hypothesis could not be con-

firmed (Siegel et al., 2018). Rather, emotions seem to elicit an unspecific set of psychophysio-

logical changes. 

When it comes to the regulation of emotions, much evidence has accumulated suggesting that 

suppression is related to an increase in sympathetic nervous system activity but no difference 

in self-report to negative stimuli (Gross & Levenson, 1993, 1997; Richards & Gross, 1999). 

The enhanced sympathetic activation following suppression has led researchers to conclude 

that suppression “exacts a palpable physiological cost” (Gross & Levenson, 1997, p. 101). In 

other words, because response-focused strategies involve an active modulation of expressive 

behavior, increased sympathetic activation might be the result of that effort (Butler et al., 2003). 

In contrast, past literature has proposed that reappraisal has little impact on sympathetic and 

cardiovascular measures (Gross, 1998a). A meta-analysis studying the overall physiological  
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effect of different emotion regulation strategies confirmed this general pattern: cognitive 

change had a smaller effect on physiology than response modulation (Webb et al., 2012). How-

ever, as noted earlier, there is a vast range of different psychophysiological outcome measures 

ranging from cardiovascular, electrodermal, respiratory, pupillometric and electromyographic 

response systems and it has been shown that the nature of the relationship between cognitive 

emotion regulation and different psychophysiological responses can vary largely (Bernat et al., 

2011). By simply combining all psychophysiological measures to a composite score is helpful 

in looking at the overall effectiveness of an emotion regulation strategy (as has been done in 

the meta-analysis by Webb et al. (2012), but it does not reveal which of the individual psycho-

physiological responses change or do not change with an emotion regulation strategy.  

When looking at individual psychophysiological measures, findings are mixed with respect to 

the effects of emotion regulation on autonomic physiology. Reappraisal instructions focusing 

on decreasing negative emotions compared to a control condition have been shown to have no 

effect on (Goldin et al., 2019; Gross, 1998a; Kalisch et al., 2005), increase (Lohani & Isaa-

cowitz, 2014; Sheppes et al., 2009), or decrease (Urry et al., 2009; Wolgast et al., 2011) skin 

conductance and to increase (Urry et al., 2006; van Reekum et al., 2007) or decrease (Bebko, 

Franconeri, Ochsner, & Chiao, 2011) pupil diameter. Contradictory patterns can also be found 

for suppression strategies. For example, individuals’ heart rate was significantly increased 

(Ben-Naim, Hirschberger, Ein-Dor, & Mikulincer, 2013; Butler, Wilhelm, & Gross, 2006; 

Hagemann, Levenson, & Gross, 2006), decreased (Gross & Levenson, 1993; Robinson & De-

maree, 2009), or stayed the same (Gross, 1998a) when individuals suppressed negative emo-

tions compared to a control condition. These inconsistencies may be due to the large heteroge-

neity between studies, which can substantially affect the magnitude of the physiological re-

sponses. The contradictory pattern of results across the literature does not allow a straightfor-

ward interpretation. The causes for these inconsistencies are, however, not well understood, 

and this inevitably obscures the detection of common trends. 
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Table 2.2 

Common psychophysiological measures of emotion regulation studies. 
Measurement Abbre-

viation 

Measurement 

system (units) 

Description 

Cardiovascular    

Cardiac output 

  

CO 
 

l/min 
 

Blood volume pumped by the heart per minute. 
 

Diastolic blood 

pressure  

 

  

DBP 

 

 
 

mmHg 

 

 
 

Lowest blood pressure of circulating blood on the walls 

of blood vessels in between two heartbeats, measured in mil-

limeters of mercury. 
 

Ear pulse transit 

time 

   

EPTT 

 

  

ms 

 

  

Time interval between the R-wave of the electrocardiogram 

to the pulse wave arrival at the ear. 

  

Finger pulse am-

plitude 

  

FPA 

 
 

Arbitrary  

 
 

Amplitude of the pulse waveform measured in the finger. In-

dicator of dilation and constriction of the blood vessels.  
 

Finger pulse 

transit time 

  

FPTT 

 
 

ms 

 
 

Time interval between the R-wave of the electrocardiogram 

to the pulse wave arrival at the finger. 
 

Heart rate/inter-

beat inter-

val/heart period 

  

HR/HP 

 

 

  

bpm/ms/ms 

 

 

  

Number of beats per unit of time/time between heart beats 

(inverse of heart rate). 

 
 

Heart rate varia-

bility 

 

  

HRV 

 

 

  

Units vary by 

method 

 

  

Variation in heart rate. Refers specifically to the high-fre-

quency HRV (also called respiratory sinus arrhythmia 

(RSA)). 
 

Low frequency 

HRV 

 

LF 

 

 

Units vary by 

method 

 

Variation in heart rate. Refers specifically to the low-fre-

quency HRV. 

 

Mean arterial 

pressure 

 

 

MAP 

 

 

 

mmHg 

 

 

 

Mean blood pressure of circulating blood on the walls 

of blood vessels in between two heartbeats, measured in mil-

limeters of mercury. 

 

Pre-ejection period 

 

 

 

PEP ms Period between the beginning of electrical stimulation of the 

heart to the opening of the aortic valve. Indicator of the car-

diac contractile force (i.e. how hard the heart is beating). 

 

Stroke volume SV mL Volume of blood pumped from the left ventricle per beat. 
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Table 2.2 (continued) 
Measurement Abbre-

viation 

Measurement 

system (units) 

Description 

Systolic blood 

pressure 

SBP mmHg Maximum blood pressure of circulating blood on the walls 

of blood vessels in between two heartbeats, measured in mil-

limeters of mercury. 

 

Total peripheral re-

sistance 

TPR Unity vary by 

method 

Overall resistance that must be overcome to 

push blood through the whole circulatory system (i.e. all 

major arterial trees). 

 

Electrodermal    

Skin conductance 

response 

SCR MicroSiemens Peak amplitude, magnitude or local maximum of the skin 

conductance response. Includes non-specific skin conduct-

ance responses during longer periods of time if reported as 

amplitude. 

 

Skin conductance 

level 

SCL MicroSiemens Mean change of skin conductance over a specific period of 

time. Operationalized as simple average, change from base-

line, area under the curve or integrated signal.  

Number of skin 

conductance re-

sponses 

 

nSCR n Number of skin responses per unit of time (e.g., per minute). 

Respiratory    

Inspiration/expira-

tion time 

 

IT/ET sec Average inhalation/exhalation time per respiratory cycle. 

 

Respiration am-

plitude 

RA mL Difference in volts between the point of maximum inspira-

tion and the point of maximum expiration. 

 

Respiration rate RR c/min Number of breaths per minute. 

 

Tidal volume TV mL Air volume that moves into or out of the lungs while breath-

ing quietly.  

    

Pupillometric    

Pupil dilation PD mm Average diameter of pupil in millimeter during a specific pe-

riod of time. 
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Table 2.2 (continued) 
Measurement Abbre-

viation 

Measurement 

system (units) 

Description 

Electromyographic 

Emotion-modu-

lated startle 

Startle MicroVolt Amplitude of the startle eyeblink response (orbicularis oculi) 

in response to affective stimuli. 

 

Corrugator su-

percilii activity 

cEMG MicroVolt Muscular activity of the corrugator supercilii responsible for 

furrowing of the brow. 

 

Zygomaticus major 

activity 

zEMG MicroVolt Muscular activity of the zygomaticus major responsible for 

smiling. 

 

Other    

Finger tempera-

ture 

FT F/C° Temperature of the finger, in Fahrenheidt (F) or Celcius 

(C°). 

 

Note. The measures in bold were included in our meta-analysis; for the other measures the number of studies was 
insufficient (k < 5 studies per cell). Because heart rate (HR) and interbeat interval (IBI) are inversely related, we 
switched the direction of the effect sizes when IBI was extracted (instead of HR). Descriptions derived and adapted 
from (Berntson, Quigley, Norman, & Lozano, 2016; Blumenthal et al., 2005; Cacioppo et al., 2000; Dawson, 
Schell, & Filion, 2016; Siegel et al., 2018). 
 
  

2.2.3 Factors Related to the Impact of Emotion Regulation on Psychophysiology  

2.2.3.1 Study Design  

Studies using within-study designs found larger effects of emotion regulation on experiential, 

behavioral and physiological outcomes than did studies employing between-study designs (cf. 

Webb et al., 2012). Employing within-study designs reduces sampling error thereby increasing 

power. On the other hand, within-study designs may also increase task difficulty because par-

ticipants are required to engage in more than just one emotion regulation strategy. In event-

related designs typical for within-subject studies, participants may even shift continuously be-

tween different strategies. 

2.2.3.2 Emotion Induction  

Emotion regulation studies have used a variety of different emotional stimuli, including pictures 

(e.g., the International Affective Picture System; IAPS; Lang et al., 2008), film clips (Gross & 

Levenson, 1995), stressful tasks (e.g., the Trier Social Stress Test; Kirschbaum, Pirke, & 
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Hellhammer, 1993), dyadic interactions (Levenson & Gottman, 1983) or threat of shock para-

digms (Delgado, Nearing, LeDoux, & Phelps, 2008). Each type of stimulus provides a reliable 

method to generate emotions. However, a key dimension on which induction methods differ is 

whether they require participants to sit passively in front of a monitor or whether they employ 

a stressful task or conversation with a (romantic) partner. Somatic activity has a significant 

influence on autonomic response measures, especially on heart rate (Obrist, 1981). In addition, 

stressful tasks such as giving a speech alter the sympathetic nervous system to a stronger degree 

than picture viewing (Fechir et al., 2008). When it comes to potential differences between films 

and pictures, findings are mixed. Studies on emotion processing have been shown that e.g. heart 

rate returns to baseline if the picture remains still, but further slows down if the picture involves 

motion (Detenber, Simons, & Bennett Jr, 1998; Simons, Detenber, Roedema, & Reiss, 1999). 

However, a recent study on emotion regulation reported that films and pictures did not differ-

ently affect the emotion regulation process on a physiological level, although films elicited a 

stronger absolute skin conductance response than pictures (Morawetz, Bode, Baudewig, Jacobs, 

& Heekeren, 2016a). We are not aware of any other study directly assessing the impact of the 

emotion induction method on psychophysiological effects in the context of emotion regulation 

and thus we will address this question in the present analysis2.                                                                                  

2.2.3.3 Control Instruction  

Effects of emotion regulation strategies on psychophysiological measures can be determined 

by contrasting the emotion regulation instruction against different control instructions. For ex-

ample, participants can be instructed to “maintain” the emotion they feel (Jackson et al., 2000), 

to “view” the emotional stimulus (Gross & Levenson, 1993), or to “respond naturally” (Shiota 

& Levenson, 2009). Previous literature has shown that differences in neural activation depend 

on the control condition instruction (Schaefer et al., 2002), with higher amygdala activation 

reported for “maintain” than for “view” instructions. The terminology used as control instruc-

tions (e.g., maintain vs. view) has not been systematically explored in psychophysiological 

studies of emotion regulation yet. However, it could have important influences on physiological 

processes as shown by an fMRI study (Diers, Weber, Brocke, Strobel, & Schönfeld, 2014). 

 
2 It should be noted that there might be more aspects of visual stimuli that could possibly influence effect sizes. 

For example, within the field of visual perception, studies show that faces are not as evocative as scenes (Alpers, 

Adolph, & Pauli, 2011; Wangelin, Bradley, Kastner, & Lang, 2012). A fine-grained moderator analysis of different 

aspects of picture and film stimuli however was not possible due to the small number of studies available and 

because most studies included in the present analysis used a blend of negative scenes and faces as stimuli. 
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Similarly, Webb et al. (2012) found that the control condition moderated the physiological ef-

fects of emotion regulation (Webb et al., 2012).  

2.2.3.4 Trial duration 

 Another important aspect of the study design which varies largely across studies is the trial 

duration of the regulation period. According to the implementation and maintenance model 

(IMMO; Kalisch, 2009; Paret et al., 2011), reappraisal for example is divided into two phases: 

In the early phase, participants choose and implement a regulation strategy, whereas in the late 

phase they maintain the strategy in working memory and monitor its success. Hence, reappraisal 

might need several seconds until it effectively reduces negative emotions. Thus, the effect of 

reappraisal might become larger with increasing trial duration, which might also affect physi-

ology.  

2.2.4 Aim of Study 

The primary aim of the present study was to quantitatively summarize the relation between 

popular emotion downregulation instructions (distraction, reappraisal, suppression, own 

choice) and common psychophysiological measures (i.e. cardiovascular, electrodermal, respir-

atory, pupillometric, electromyographic) in healthy adults. In light of the contradictory pattern 

of psychophysiological effects in the emotion regulation literature we aimed to answer the fol-

lowing questions: a) What are the effects of distraction, reappraisal, suppression and downreg-

ulation where participants choose a strategy that works best for them on individual psychophys-

iological response measures? b) How consistent are these effects across studies? and c) What 

aspects of the study design moderate the effects? In light of the hypothesis that psychophysio-

logical measures are somewhat sensitive to the valence of the induced emotion and because the 

majority of studies on emotion regulation and psychophysiology induced negative emotions, 

the present meta-analysis focuses on the downregulation of negative stimuli (for an overview 

of studies employing positive stimuli see supplement Table 2.9). 

We first systematically searched for emotion regulation studies that instructed participants to 

use emotion regulation strategies and that assessed psychophysiological measures of our inter-

est as dependent variable. To advance current knowledge, we performed meta-analyses to sep-

arately quantify the effects for each of these measures during emotion regulation. In addition, 

we performed moderator analyses to explore the impact of study characteristics on the effect 

sizes. Moderators of interest were study design, trial duration, control instruction, and emotion 

induction method. It is important to note that our ability to identify the effects of cognitive 
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emotion regulation strategies on psychophysiological variables and potential moderators is lim-

ited by the published studies available for meta-analysis.  

2.3 Methods 

2.3.1 Selection of Studies 

Studies were identified through a systematic literature search of articles using the PubMed, 

Web of Science, and PsychINFO databases. The search strategy was developed to maximize 

the sensitivity of article identification by combining individual words and medical subject head-

ings (MeSH). We searched for the keywords emotion regulation or emotional regulation cross 

referenced with psychophysiology [MeSH], psychophysiologic*, autonomic, parasympathetic, 

sympathetic, respiration [MeSH], cardiovascular, electrocardiography [MeSH], respiratory 

sinus arrhythmia [MeSH], blood pressure [MeSH], heart rate [MeSH], startle, startle reflex 

[MeSH], electromyography [MeSH], pupil diameter, pupil dilation, electrodermal or skin con-

ductance, and galvanic skin response [MeSH] cross referenced with stimulus, stimuli, film*, 

picture*, image*, script*, anxiety, fear*, threat*, and video*. Additionally, reference lists from 

identified studies that met the inclusion criteria (see the next section for criteria) as well as 

relevant articles in the authors’ library were reviewed for titles that might have been previously 

missed. Subsequently, studies identified in this manner (n = 13) were collected for inclusion. 

The search process described above yielded a total of 1353 potentially relevant articles on July 

18, 2019 (after duplicates were removed)3. The first author and another independent reviewer 

(Stephanie Mall, research assistant) systematically examined titles and relevant abstracts using 

the Covidence website (www.covidence.org) to determine whether an article would be subse-

quently reviewed in full-text format. The following criteria were applied: The study presented 

original empirical results, was published in a peer-reviewed journal, was written in English or 

German, included adult healthy participants, and an explicit emotion regulation paradigm was 

assessed where participants are explicitly told to use emotion regulation strategies to modulate 

an emotion. We discarded studies that did not assess a psychophysiological measure of interest 

(e.g., electroencephalography studies) at this point. Based on these criteria, the same two re-

viewers independently reviewed 157 studies in full-text format. 

 
3 The search process was updated two times in total. The first search yielded a total of 848 potentially relevant 

articles on January 22, 2016 (after duplicates were removed). A second search one year later (on February 8, 2017) 

yielded an additional 210 potentially relevant articles (after duplicates were removed). A third search two years 

later (on July 18, 2019) yielded an additional 295 potentially relevant articles (after duplicates were removed). 
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2.3.2 Inclusion/Exclusion Criteria 

The 157 studies were examined to determine if they met the following inclusion criteria of our 

analysis: The study (1) included a control condition in which participants were confronted with 

emotional contents but did not regulate emotions (see Table 2.1 for definitions of possible con-

trol instructions), (2) sampled a psychophysiological measure throughout the regulation phases, 

(3) did not assess an experimental intervention before the emotion regulation task that may 

influence the performance of emotion regulation, (4) provided sufficient information to com-

pute the effect size, (5) induced negative emotions, (6) instructed participants to use one or 

more of the strategies provided in Table 2.1. If studies met inclusion criteria (1) to (6) but did 

not provide adequate information for effect size computation, we asked the authors for the 

needed information via e-mail.  

Finally, a total of n = 78 studies fulfilled all inclusion criteria. Of those, n = 68 entered our 

quantitative synthesis (for an overview see Table 2.3). The remaining 10 studies (Baur et al., 

2015; Delgado et al., 2008; Driscoll et al., 2009; Jamieson, Mendes, & Nock, 2013; Jamieson, 

Nock, & Mendes, 2012; Kotwas et al., 2019; Peters & Jamieson, 2016; Peters, Overall, & 

Jamieson, 2014; Reinecke et al., 2015; Zaehringer, Schmahl, Ende, & Paret, 2018) were not 

considered, as a meta-analysis on the respective combination of emotion regulation strategy 

and psychophysiological measure was not possible because the number of studies was too 

small. See Figure 2.1 for a PRISMA flowchart depiction of the screening and selection of stud-

ies.  

2.3.3 Data Extraction 

The first author coded the sample sizes, group means, standard deviations, t and p-values for 

tests on group effects and participants’ mean age of the eligible studies. Another person inde-

pendently coded 50% of the included studies to evaluate reliability. Correlation analysis con-

firmed high interrater-reliability (mean r = .95, range = .66-1.0). In addition, inconsistencies 

between raters were identified and subsequently corrected. Additionally, the psychophysiolog-

ical measure, and the specific emotion regulation strategy (distraction, reappraisal, suppression, 

own choice) were coded. When comparing emotion regulation studies, a major problem arises 

from inconsistencies in the way emotion regulation instructions are labeled. For example, stud-

ies that labeled a condition as “suppression” either instructed participants to use reappraisal 

(Bernat et al., 2011; Eippert et al., 2007) or to suppress thoughts or facial expressions (Gross & 

Levenson, 1993; Ohira et al., 2006). To prevent confusion, we specifically evaluated the par-

ticular emotion regulation instructions as reported in the articles and coded them according to  
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Figure 2.1. PRISMA flowchart of the literature search process.  

Records identified through 
database searching 

(PubMed, PsychInfo, Web of 
Science) (n = 3383)

Abstracts screened
(n = 1353)

Abstracts excluded 
(n = 1196)

Identification

Records identified through other 
sources (reference lists, 
search for prior reviews)

(n = 13)

Records after duplicates removed
(n = 1353)

Full-text articles assessed 
for eligibility (n = 157)

Full-text articles excluded (n = 79)
Reasons:
1. Did not include a control condition or control 
    group: n =20 
2. Did not assess psychophysiological 
    response during emotion regulation: n = 10 
3. Used an experimenal intervention before task: 
    n = 7  
4. No sufficient information available: n = 34
5. Induction of positive emotions only: n = 1
6. Emotion regulation strategy not of interest: n = 7

Studies included in quali-
tative synthesis (n = 78)

S
creening

E
ligibility

Included

Included studies must:
- Present empirical results and be published in peer-reviewed journal
- Be printed in the English or German language
- Include adult healthy participants
- Assess an explicit emotion regulation paradigm
- Assess a psychophysiological measure of our interest 

Studies included in quanti-
tative synthesis (n = 68)

n = 10 studies not analyzed. 
Reason: 
Meta-analysis on respective psychophysiological 
variable and strategy combination not conducted 
as too few studies were available.
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the taxonomy adapted from Webb et al. (2012). See Table 2.1 for definitions and examples. For 

this meta-analysis, we also subdivided the control strategies into five types (classifications can 

be derived from Table 2.1; adapted from Webb et al., 2012): no instruction at all (i.e. “view”), 

instruction “not to regulate in a certain manner”, instructions to “respond naturally”, instruc-

tions to “maintain” the target emotion or a combination of the above instructions. Furthermore, 

the researcher(s) also coded whether a study used a between-subject design with two independ-

ent groups for the control and the experimental group or a within-subject design with a single 

group undergoing both regulation and control conditions. In addition, the nature of emotion 

induction if applicable (pictures, film, music, dyadic interaction, past experience or personally 

relevant thought, threat of shock (ToS), stressor task, anger task) was also coded. Finally, we 

coded the trial duration (i.e. the length of the regulation period of a trial, in seconds). We defined 

the length of a regulation period as the length of one regulation attempt. In event-related designs 

a regulation attempt thus corresponds to one trial (i.e. after instruction until picture offset), 

whereas in studies presenting films or stress tasks, a regulation attempt corresponds to the whole 

film viewing period or task period (i.e. after instruction until end of film/task). 

Regarding electrodermal activity, there was great variability in the quantification of skin con-

ductance across studies. We developed a taxonomy by which we divided electrodermal activity 

measures in skin conductance level, skin conductance response and number of skin conduct-

ance responses (see Table 2.2 for a detailed description of the taxonomy and a table summariz-

ing all included studies on electrodermal responses with information about the categorization 

can be found in the supplement (2.6.4). 

2.3.4 Statistical Analysis 

Cohen’s d was used as the effect size measure in the meta-analyses. For between-subject stud-

ies, effect sizes were calculated from the means and standard deviations of the control and ex-

perimental (regulation) groups. For within-subject studies, we used the means and standard 

deviations of the control and experimental (regulation) conditions. If these values were not 

available, effect sizes were calculated using t-values. Furthermore, the variances of the effect 

sizes were determined. In within-subject designs, the variance of the effect size estimate de-

pends on the correlation between the paired measurements. If the correlation was not available 

from the original data, the median correlation from the other studies entering the meta-analysis 

was used. Effect sizes were interpreted based on Cohen’s guidelines (Cohen, 1988). Therefore, 

effects at the 0.2, 0.5, and 0.8 levels were considered as small, medium, and large, respectively. 
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Since the experimental conditions of the studies differ in many ways, it is unlikely that the 

studies share a common effect size. Fixed-effect models are therefore implausible. Following 

recommendations of Borenstein, Hedges, Higgins, and Rothstein (2010) we conducted random 

effects meta-analyses. We calculated average effect sizes and 95% confidence intervals (CI). 

Heterogeneity of effect sizes was assessed with the I2-statistic which represents the proportion 

of total variation in the estimated effect sizes that is due to heterogeneity between studies 

(Higgins & Thompson, 2002). The analyses were performed separated by psychophysiological 

measure and emotion regulation strategy. Meta-analyses were only conducted when five or 

more independent samples were available4. 

For each significant meta-analysis we constructed a funnel plot with the effect sizes on the 

horizontal axis and their standard errors on the vertical axis. Egger's tests (Egger, Davey Smith, 

Schneider, & Minder, 1997) were applied to evaluate asymmetry in funnel plots which may be 

caused by publication bias. 

Several studies included two or three assessments within a given measure (e.g., skin conduct-

ance level during the regulation of sad and disgusting stimuli) so that there was more than one 

effect size reported for a specific sample. In these cases, we used the mean of the multiple effect 

sizes. To calculate the variance of this mean effect size, we assumed that the correlation be-

tween the effect sizes was 0.5. If studies reported sufficient results from multiple independent 

samples (e.g., men and women, prone to disgust vs. not prone to disgust), each of them entered 

the analysis. Effect sizes for interbeat interval and heart rate were included in the same analyses. 

To align to polarity of the effect sizes, the parameter for interbeat interval was multiplied by 

minus one. Thus, a negative size of interbeat interval corresponds to decreased heart rate.  

As physiological measures have been shown to discriminate between negative and positive 

emotional states (Bradley & Lang, 2000; Kreibig, 2010; Levenson, Ekman, & Friesen, 1990), 

we aimed for distinguishing between positive and negative target emotions in our analyses. 

Only 13 studies in total (Baur et al., 2015; Conzelmann et al., 2015; Dan-Glauser & Gross, 

2011, 2015; Demaree, Schmeichel, Robinson, & Everhart, 2004; Driscoll et al., 2009; Giuliani, 

McRae, & Gross, 2008; Gomez, Scholz, & Danuser, 2015; Gross & Levenson, 1997; Gruber, 

Hay, & Gross, 2014; Kotwas et al., 2019; Ohira et al., 2006; Wu, Liang, Wang, Zhao, & Zhou, 

2016) induced positive emotions. Combinations of psychophysiological measure and emotion 

regulation strategy resulted in a maximum of three studies. Therefore, meta-analyses on the 

 
4 Some studies included several independent samples. The minimum number of independent studies required to 

conduct a meta-analysis was accepted as three. 
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regulation of positive emotions were not computed in the present study. See an overview of 

studies using positive emotions in the supplement Table 2.9. 

We conducted moderator analyses to test whether features of the experimental context influ-

enced the effect sizes. We used four moderator variables in our analyses: study design (within-

subject vs. between-subject), nature of control condition (instruction to respond naturally vs. 

no instruction ), nature of emotion induction (films vs. pictures) and trial duration (i.e. length 

of a regulation trial, in seconds), as far as there were enough studies for statistical comparison. 

To evaluate the effects of moderators we used meta-regression analyses and present the regres-

sion coefficients. 

Statistical analyses were conducted with the metaphor package from R (version 3.2) and SAS 

9.4 (SAS Institute Inc., Cary, NC, USA). Statistical significance was defined at the 5% level. 

2.3.4.1 Heterogeneity 

We investigated whether the variance between the observed effect sizes was larger than what 

would be expected on the basis of sampling variance alone (Hedges, 1982; Rosenthal & Rubin, 

1982). If the effect sizes are heterogeneous it means that the mean effect size does not represent 

individual effect sizes for studies within the population in that moderators of the effect sizes 

may be present (e.g., nature of emotion induction). In an analysis with a small number of effect 

sizes, especially if they are based on small sample size studies, the Q-statistic may be nonsig-

nificant even when there is considerable variability among the effect sizes. Therefore, we com-

puted the percent of variability in effect sizes due to heterogeneity using the I2 statistic (Higgins 

& Thompson, 2002). I represents the amount of variability in effect sizes that is accounted for 

by heterogeneity as a proportion of the total variability. According to Higgins and Thompson’s 

(2002) general guidelines, mild heterogeneity would be suggested by an I2 = 30% of the varia-

bility in effect sizes, moderate heterogeneity by an I2 between 30% and 50%, and notable het-

erogeneity when I2 is > 50% of the variability.  

2.3.4.2 Moderator Analyses 

We conducted moderator analyses to test whether features of the experimental context influ-

enced the observed effect sizes. We used four moderator variables in our analyses: study design 
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(within-subject vs. between-subject), nature of control condition (instruction to respond natu-

rally vs. no instruction)5, nature of emotion induction (films vs. pictures)6, trial duration (i.e. 

length of a regulation trial, in seconds), as far as there were sufficient cases for statistical com-

parison. We used meta-regression (Thompson & Sharp, 1999) to evaluate moderators. The ad-

vantage of meta-regression is that continuous moderators (e.g., trial duration) can be evaluated 

alongside categorical moderators (e.g., within- versus between-participants designs). For the 

meta- regressions, b is the beta weight or coefficient assigned to the predictor; t (and the asso-

ciated p value) tests whether the beta weight is significantly different from zero.  

2.4 Results 

2.4.1 Descriptive Analyses 

Across the 78 studies that were initially considered in our qualitative analysis, heart rate and 

skin conductance level was measured most frequently, with three times as many effect sizes as 

for any other measure (see Figure 2.2 for an overview). Thus, emotion regulation strategies and 

psychophysiological measures were not evenly represented in the published literature. Certain 

combinations of emotion regulation strategy and psychophysiological measures occurred fre-

quently in published experiments (e.g., reappraisal and measuring heart rate) whereas other 

combinations were rare or nonexistent (e.g., suppression while measuring stroke volume).  

69 individual studies entered our quantitative analyses (for a flowchart of the selection and 

screening process see Figure 2.1). Study characteristics of these studies are presented in Table 

2.3. There are n = 4,474 unique individuals across all of the 68 included studies (meaning that 

this is the total n across all studies) with many individuals contributing data to more than one 

effect size for a total of n = 13,380 data points across all meta-analytic comparisons. Because 

not all studies reported demographic statistics, reported information about age and sex is only 

an estimated number. 

 
5 We were unable to test other types of control instructions as there were too few studies available. 
6 We were unable to test other types of emotion inductions (i.e. music, dyadic interaction, past experience or 

personally relevant thought, threat of shock, stressor task, anger task) as there were too few studies available. 
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Figure 2.2. Number of available effect sizes for each measure as a function of emotion regula-
tion strategy (distraction, reappraisal, suppression, own choice). Note that the statistic refers to 
the k = 78 studies initially identified in our qualitative analysis. cEMG = corrugator activity; 
CO = cardiac output; DBP = diastolic blood pressure; EPA = ear pulse amplitude; EPTT = ear 
pulse transit time; FPA = finger pulse amplitude; FPTT = finger pulse transit time; FT = finger 
temperature; HR = heart rate; HRV = heart rate variability; LF = low frequency HRV; LF/HF 
= ratio between low and high frequency HRV; MAP = mean arterial pressure; nSCR = number 
of skin conductance responses; PD = pupil dilation; PEP = pre-ejection period; RA = respiration 
amplitude; RR = respiration rate; SBP = systolic blood pressure; SCL = skin conductance level; 
SCR = skin conductance response; SV = stroke volume; TPR = total peripheral resistance; 
zEMG = zygomatic activity.  
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2.4.1.1 Electromyographic Responses 

When considering studies that instructed participants to choose a strategy that worked best for 

them only, downregulation of negative emotions had a significant negative effect on the emo-

tion-modulated startle (d = -.62, CI = [-1.02, -.22], p = .01, k = 5, I2 = 47.35)7 with a large effect 

size and moderate heterogeneity (see Table 2.4 and Figure 2.26 for details). This means that the 

instruction to decrease negative emotions reduced, on average, the startle response compared 

to the control instruction. Moreover, reappraisal significantly decreased corrugator activity (d 

= -.32, CI = [-.55, -.10], p = .01, k = 9, I2 = 42.84) with medium effect size and moderate 

heterogeneity (see Table 2.4 and Figure 2.5 for details). However, number of studies on the 

startle (k = 5) and corrugator activity (k =9) was small and thus should be interpreted with 

caution.  

2.4.1.2 Electrodermal Responses 

No significant effect was obtained for distraction on skin conductance level compared to the 

control condition (d = -.004, CI = [.98, .45], p = .45, k = 6, I2 = 95.35; see Figure 2.4). Similarly, 

reappraisal had no significant effect on skin conductance level (d = -.07, CI = [-.21, .08], p = 

.35, k = 26, I2 = 71.11; see Figure 2.13) and skin conductance response (d = .04, CI = [-.03, 

.11], p = .11, k = 12, I2 = 33.01; see Figure 2.14), compared to the control condition. 

In addition, suppression did not significantly change the skin conductance level (d = .11, CI = 

[-.03, .24], p = .11, k = 31, I2 = 77.57; see Table 2.4 and Figure 2.25). 

2.4.1.3 Respiratory Responses 

Suppression significantly decreased respiration amplitude (d = -.29, CI [-.56, -.01], p = .04, k = 

9, I2 = 61.21; see Figure 2.23). Sample size was small (k = 9) and thus should be interpreted 

with caution. 

2.4.1.4 Pupillometric responses 

On average, reappraisal did not significantly change pupil dilation in response to negative stim-

uli compared to a control condition (see Table 2.4 and Figure 2.11 for details). Descriptively, 

 
7 Instructions to downregulate negative emotions (own choice and reappraisal instructions combined) had a sig-

nificant negative effect on the emotion-modulated startle too (d = -.44, CI = [-.75, -.14], p = .01, k = 8, I2 = 74.76). 
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this result might have been driven by one study (Bebko et al., 2011) which found a decrease in 

pupil size during reappraisal, whereas other studies (Strauss et al., 2016; Urry et al., 2009; van 

Reekum et al., 2007) found an increase in pupil size during reappraisal. Overall sample size (k 

= 8) was small and thus should be interpreted with caution. 

2.4.2 Evaluation of Publication Bias 

For each significant meta-analysis we constructed a funnel plot with the effect sizes on the 

horizontal axis and their standard errors on the vertical axis. Egger's tests (Egger et al., 1997) 

were applied to evaluate asymmetry in funnel plots which may be caused by publication bias. 

Egger’s test revealed that there was significant asymmetry only for the effect of reappraisal on 

heart rate (p = .008). Individual funnel plots are presented in the supplement (Figure 2.27). 

2.4.3 Moderator Analyses 

We report moderator analyses only for reappraisal and suppression. For distraction and own 

choice the number of studies was too small or the distributions of the moderators were inade-

quate. 

2.4.3.1 Study Design  

Study design (within-subject vs. between-subject) significantly moderated effect sizes of sup-

pression on finger temperature (b = .54, p ≤ .01), finger pulse amplitude (b = .78, p ≤ 0.001) 

and heart rate (b = -.38, p ≤ .01). See Table 2.5 for details. The effect of suppression on finger 

temperature were significant for between-subject design studies (d = -.62, p ≤ .001, k = 5), 

whereas the effect on heart rate became significant for within-subject designs (d = -.29, p ≤ 

.001, k = 10).  

2.4.3.2 Nature of Control Instruction 

Effect sizes of suppression on finger temperature (b = .54, p ≤ .01), finger pulse transit time (b 

= .42, p < .05) and finger pulse amplitude (b = .78, p < .001) were significantly moderated by 

the control instruction (instruction to respond naturally vs. no instruction) (see Table 2.6). The 

effect of suppression on heart rate (b = -.29, p < .05) and skin conductance level (b = -.35, p ≤ 

.01) was also moderated by the control instruction (instruction to respond naturally vs. no in-

struction). When studies with no instruction were considered only, suppression significantly 

increased skin conductance level (d = .19, p ≤ .01, k = 21), decreased finger temperature (d = - 
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.62, p ≤  .001, k = 5) and finger pulse transit time (d = -.40, p ≤ .01, k = 5). Conversely, when 

studies with instruction to respond naturally were considered only, suppression significantly 

decreased heart rate (d = -.32, p ≤ .01, k = 8). 

 

 

 

Figure 2.3. Mean effect sizes and confidence intervals for each conducted meta-analysis (up-
per panel) sorted by number of samples k of the meta-analysis, respectively (lower panel). 
Suppr = suppression; reappr = reappraisal; distr = distraction. HR = heart rate; SCL = skin 
conductance level; SCR = skin conductance response; FT = finger temperature; cEMG = cor-
rugator activity; FPA = finger pulse amplitude; FPTT = finger pulse transit time; RA = respi-
ration amplitude; HRV = heart rate variability; PD = pupil dilation; DBP = diastolic blood 
pressure; SBP = systolic blood pressure; EPTT = ear pulse transit time; MAP = mean arterial 
pressure. 
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Table 2.5 

Moderator analyses on study design (within-study design vs. between-study design). 
Strategy Measure k kwithin kbetween Ntotal β SE p 

Reappraisal SCL 26 17 9 1082 -0.001 0.161 0.997 

Reappraisal HR 28 16 12 1176 -0.131 0.085 0.134 

Suppression SCL 31 11 20 1805 -0.176 0.126 0.174 

Suppression FT 10 5 5 701 0.543 0.138 0.004** 

Suppression FPTT 9 5 4 608 0.080 0.219 0.725 

Suppression FPA 9 4 5 666 0.775 0.115 0.000** 

Suppression RA 9 5 4 467 -0.188 0.263 0.497 

Suppression HR 29 10 19 1640 -0.379 0.113 0.002** 

Note. k = number of studies; SE = standard error; FPA = finger pulse amplitude; FPTT = finger pulse transit time; 
FT = finger temperature; HR = heart rate; RA = respiration amplitude; SCL = skin conductance level; β regression 
coefficient (within vs. between). 
**p ≤ .01 
 

 

Table 2.6 

Moderator analyses on nature of control instruction (instruction to respond naturally vs. no 

instruction). 
Strategy Measure k kC4 kC1 Ntotal β SE p 

Reappraisal SCL 23 12 11 986 -0.063 0.127 0.625 
 

SCR 11 7 4 491 0.087 0.113 0.460 
 

HR  25 13 12 1039 -0.033 0.083 0.696 

Suppression SCL 28 7 21 1665 -0.347 0.130 0.012* 
 

FT 10 5 5 701 0.543 0.138 0.004** 
 

FPTT 9 4 5 608 0.422 0.156 0.030* 
 

FPA 9 4 5 666 0.775 0.115 0.000** 
 

HR  26 8 18 1500 -0.293 0.130 0.034* 

Note. k = number of studies; SE = standard error; FPA = finger pulse amplitude; FPTT = finger pulse transit time; 
FT = finger temperature; HR = heart rate; SCL = skin conductance level; SCR = skin conductance response; C4 = 
instruction to respond naturally; C1 = no instruction; β regression coefficient (respond naturally vs. no instruction). 
*p ≤ .05, **p ≤ .01 
 

2.4.3.3 Emotion Induction 

Moderator analyses of effect sizes were conducted for film vs. picture only, as too few studies 

employing other emotion induction methods for each strategy and psychophysiological meas-

ure combination were available to interpret moderator analyses in a meaningful way. Emotion 
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induction (films vs. pictures) did not significantly moderate the effect sizes of reappraisal and 

suppression on skin conductance level and heart rate (see Table 2.7). 

 

Table 2.7 

Moderator analysis on emotion induction (films v. images). 

Strategy Measure k kfilms kimages Ntotal β SE p 

Reappraisal SCL 23 16 7 900 0.126 0.167 0.458 

Reappraisal HR 20 12 8 723 -0.150 0.086 0.101 

Suppression SCL 26 22 4 1431 0.049 0.187 0.795 

Suppression HR 25 19 6 1256 0.145 0.144 0.324 

Note. k = number of studies; SE = standard error; HR = heart rate; SCL = skin conductance level; β = regression 
coefficient (films vs. pictures). 
 

Table 2.8 

Moderator analyses on trial duration (s). 
Strategy Measure k Ntotal β SE p 

Distraction  SCL 6 287 0.084 0.081 0.354 

Reappraisal HR 28 1176 0.015 0.012 0.209 
 

HRV 8 305 0.071 0.053 0.232 
 

PD 8 250 -2.492 1.996 0.258 
 

SCL 26 1082 0.021 0.021 0.324 
 

SCR 12 530 -0.028 0.013 0.053* 
 

cEMG 9 354 0.000 0.051 0.997 

Suppression DBP 8 440 -0.408 0.141 0.028* 
 

EPPT 7 551 0.022 0.024 0.403 
 

FPA 9 666 -0.030 0.039 0.464 
 

FPTT 9 608 -0.011 0.026 0.677 
 

FT 10 701 0.130 0.086 0.172 
 

HR 29 1640 0.028 0.022 0.214 
 

HRV 7 491 0.044 0.047 0.392 
 

RA 9 467 -0.032 0.048 0.526 
 

SBP 8 440 -0.387 0.094 0.006** 
 

SCL 31 1805 -0.026 0.012 0.039* 

Note. k = number of studies; SE = standard error; cEMG = corrugator electromyography; DBP = diastolic blood 
pressure; EPTT = ear pulse transit time; FPA = finger pulse amplitude; FPTT = finger pulse transit time; FT = 
finger temperature; HR = heart rate; HRV = heart rate variability; MAP = mean arterial pressure; PD = pupil 
dilation; RA = respiration amplitude; SBP = systolic blood pressure; SCL = skin conductance level; SCR = skin 
conductance response; β regression coefficient (refers to one minute change in trial duration). 
*p ≤ .05, **p ≤ .01 
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2.4.4 Meta-Analyses 

As the 68 studies contributed data to multiple effect sizes, we computed 267 individual effect 

sizes (see Table 2.3) that entered 24 different meta-analyses (see Table 2.4 and Figure 2.3). 

Overall, computed individual mean effect sizes for each combination of regulation strategy with 

measure did not exceed d = .62 (own choice effect on startle; see Table 2.4).  Figure 2.3 also 

highlights that some meta-analyses revealed large confidence intervals and non-significant ef-

fect sizes, suggesting that these effects are rather inconsistent (e.g., suppression effect on skin 

conductance response, ear pulse transit time, diastolic blood pressure and finger pulse ampli-

tude, reappraisal effect on finger pulse amplitude, heart rate variability, and distraction effect 

on skin conductance level). Largest effect sizes were obtained for electromyographic responses 

(startle and corrugator activity), followed by suppression effects on some cardiovascular 

measures (i.e. finger temperature and mean arterial pressure). For many computed mean effect 

sizes confidence intervals around the mean effect were large (see Figure 2.3), indicating that 

the accuracy of our analysis to predict the true effect was rather low. Moreover, heterogeneity 

differed largely across meta-analyses (see Table 2.4). For individual forest plots of each meta-

analysis see supplement Figure 2.4 - Figure 2.26. 

2.4.4.1 Cardiovascular Responses 

Reappraisal significantly decreased heart rate (d = -0.09, CI = [-.17, -.01], p = .03, k = 28, I2 = 

21.90), yet the effect size was very small and direction of effects across individual studies were 

inconsistent (see Figure 2.9). Reappraisal had no significant effect on all other tested cardio-

vascular measures (i.e. finger pulse amplitude, finger pulse transit time, finger temperature and 

heart rate variability) with mean effect sizes ranging between -.02 and .16 (see Table 2.4).  

Suppression significantly decreased finger temperature (d = -.33, CI = [-.59, -.07], p = .02, k = 

10, I2 = 70.03; see Figure 2.19), and mean arterial pressure (d = -.34, CI = [-.55, -.12], p = .01, 

k = 6, I2 = 16.45; see Figure 2.22), with small to medium effect sizes and mild to notable het-

erogeneity. Suppression did not significantly change diastolic blood pressure, ear pulse transit 

time, heart rate, heart rate variability, systolic blood pressure, and skin conductance response 

(see Table 2.4 for details and statistics).  
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2.4.4.2 Trial Duration 

Trial duration significantly moderated the effect of reappraisal on skin conductance response 

(b = -.03, p = .05, k = 12) and the effect of suppression on skin conductance level (b = -.03, p 

< .05, k = 31), diastolic (b = -.41, p < .05, k = 8) and systolic blood pressure (b = -.39, p < .01, 

k = 8) in that the effect became more negative with longer trial durations (see Table 2.8). The 

moderating effect of trial duration on suppression and skin conductance level was mainly driven 

by one study (Yuan et al., 2014). 

2.5 Discussion 

Over the past two decades, emotion regulation has become a vibrant research field. Our litera-

ture search corroborates this trend. It revealed an increase of almost 60% of potentially relevant 

publications for our meta-analysis within the recent three years. The vast growth of literature 

illustrates a vigorous interest in understanding the psychophysiological mechanisms of emotion 

regulation.  

Previous studies on the psychophysiological responses to emotion regulation revealed incon-

sistent results. Moreover, distraction and reappraisal strategies appeared to have no or little 

effect on psychophysiology (Webb et al., 2012), and suppression significantly increased sym-

pathetic arousal (Gross, 1998a; Gross & Levenson, 1993). This meta-analysis provides the first 

attempt to elucidate common trends with means of a quantitative summary of the effects of 

common emotion regulation strategies on different cardiovascular, electrodermal, respiratory, 

pupillometric, and electromyographic measures. We performed a structured literature review 

and conducted a meta-analysis for each combination of psychophysiological measure and emo-

tion regulation strategy whenever there were enough studies available. In brief, we found that 

suppression significantly decreased mean arterial pressure, finger temperature, and respiration 

amplitude, whereas reappraisal led to decreased heart rate and decreased corrugator activity 

(see Table 2.4 and Figure 2.3 for an overview of effects). When participants were free to choose 

between emotion regulation strategies, a significant inhibition of the emotion-modulated startle 

(sometimes referred to as fear-potentiated startle) response could be observed. Due to the lim-

ited number of studies on distraction, we were not able to conduct meta-analyses on psycho-

physiological responses except for skin conductance level, and this meta-analysis revealed no 

significant effect. Publication bias appeared to have an overall minor effect.  

As Figure 2.3 illustrates, aggregated effect sizes from the tested autonomic responses were 

small in general. We did not compute an overall effect size across all psychophysiological 
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measures. Yet aggregated effect sizes for each psychophysiological measure correspond with 

the results reported by Webb et al.’s meta-analysis (Webb et al., 2012). They had reported an 

overall small negative effect of response modulation (e.g., suppression strategies) on psycho-

physiology (d = .19, [CI = .14, .01]). Attentional deployment (e.g., distraction strategies) had 

no significant effect on physiological measures (d = .00, CI = [.14, .15]), and so did cognitive 

change (e.g., reappraisal) (d = .05, [CI = .07 to .16]) (Webb et al., 2012). We conclude that 

effects of emotion regulation on autonomic measures – if at all present – seem to be rather small 

and raise the question whether emotion regulation success can be reliably quantified with auto-

nomic measures.  It should however be noted that the psychophysiological measures entering 

our analysis were limited. Figure 2.2 illustrates that there were a number of measures not in-

cluded as too few studies were available. For example, measures of cardiac function that can 

be derived via impedance cardiography have received scant attention in the previous literature 

but provide promising results: Studies have shown that emotion regulation changed total pe-

ripheral resistance with medium to large effect sizes (Jamieson et al., 2013; Jamieson et al., 

2012; Peters & Jamieson, 2016; Peters et al., 2014). 

Activation of the sympathetic nervous system causes an increase in skin conductivity, pupil 

dilation, heart rate, pre-ejection period, blood pressure, peripheral vasoconstriction, and in-

creased respiration amplitude and respiration rate. Successful emotion regulation should be ac-

companied by a reduction of sympathetic activity (McRae & Shiota, 2017). Our study reveals 

that the effects are not quite that straightforward. Suppression lowered finger temperature (in-

dicative of increased sympathetic activity), yet also decreased mean arterial pressure and respi-

ration amplitude (indicative of lower sympathetic activity). Similarly, reappraisal decreased 

heart rate (indicative of lower sympathetic activity) but did not change any of the other tested 

autonomic measures. McRae & Shiota (2017) point out that psychophysiological effects often 

diverge in patterns that correspond to different psychological states (Kreibig, 2010; Shiota, 

Neufeld, Yeung, Moser, & Perea, 2011), which can result in misinterpretations about the asso-

ciation between psychophysiological responses and the underlying psychological processes 

(Cacioppo & Tassinary, 1990; Cacioppo, Tassinary, & Berntson, 2007). Psychophysiological 

responses are usually influenced by various factors, such as stress, workload, or tiredness, and 

thus may distort the effects of emotion regulation. Decreased pupil size during reappraisal was 

observed in one study and has been interpreted to be the result of decreased emotional arousal 

(Bebko et al., 2011). Alternatively, studies have interpreted larger pupil size during reappraisal 

as an indicator of higher cognitive effort  (Urry et al., 2006; van Reekum et al., 2007). They 
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infer that pupil size may increase during successful emotion regulation as an indicator of in-

creased cognitive processing. The ambiguity of such effects implies that we need a better un-

derstanding of cognitive and emotional processes causing autonomic change, and how these 

changes relate to emotion regulation success.  

Another problem is the inconsistency of direction of effect sizes. Different directions of effect 

sizes rendered the meta-analyses insignificant and infer that there are important factors not yet 

understood. For example, the meta-analysis of pupil dilation during reappraisal (see Figure 

2.11) revealed that one study (Bebko et al., 2011), which received a strong weight in the anal-

ysis, found a significant decrease in pupil diameter during reappraisal, while other studies found 

an increase in pupil diameter (e.g., Strauss et al., 2016; Urry et al., 2009; van Reekum et al., 

2007). Similarly, our meta-analysis on heart rate during suppression (see Figure 2.20) revealed 

that studies found mean heart rate acceleration in response to suppression (e.g., (Hagemann et 

al., 2006; Stiller et al., 2019), whereas other studies found a heart rate deceleration (Dan-

Glauser & Gross, 2011, 2015; Kunzmann et al., 2005). Therefore, the second aim of the present 

work was to explore the impact of methodological differences using several moderators (trial 

duration, nature of emotion induction, nature of control instruction, study design). 

Effects of suppression on heart rate, finger temperature and finger pulse amplitude were signif-

icantly moderated by study design (within vs. between-subject). Between-subject design stud-

ies showed a significant decrease in finger temperature and finger pulse amplitude during sup-

pression whereas studies with a within-subject design revealed no significant effect. Con-

versely, within-subject design studies showed a significant decrease in heart rate whereas stud-

ies with a between-subject design revealed no significant effect. The moderating effect of study 

design on heart rate might also reflect that between-subject design studies in this particular 

meta-analysis assessed extremely diverse emotion induction methods. For example, two studies 

(Ben-Naim et al., 2013; Butler et al., 2006) assessed emotion regulation in dyadic interactions. 

Hagemann et al. (2006) used startle tones in combination with pictures. Rohrmann et al. (2009), 

Gross (1998a), Denson et al. (2011) used film stimuli. Within-subject design studies considered 

in this meta-analysis used films and pictures only. Therefore, the nature of emotion induction 

may account for some variance in the effect sizes obtained across studies using between-subject 

designs. When data from more studies will be available in the future, it might be possible to 

confirm this assumption.  

Effects of reappraisal and suppression on several electrodermal and cardiovascular measures 

(i.e. skin conductance level, finger temperature, finger pulse transit time, finger pulse amplitude 

and heart rate) were significantly moderated by the nature of control instructions. Except for 
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finger pulse amplitude, the effects became significant when no instruction (i.e. “view” instruc-

tion) was given but did not become significant when the instruction to respond naturally was 

given. This does not correspond with findings by Webb et al. (2012) who found that emotion 

regulation strategies in general had smaller effects on experiential, behavioral and physiological 

measures combined when the control condition required participants to “view” or “not to reg-

ulate” and larger effects when the control condition required participants to respond naturally. 

In contrast to our study, they did not determine the moderating effect of control instruction on 

physiological effects of emotion regulation but considered the overall effect of psychophysio-

logical, behavioral and experiential measures. Control conditions requiring participants to 

simply view a negative stimulus might correspond to a physiological baseline condition. How-

ever, when receiving the instruction to respond naturally, participants might unconsciously pay 

more attention to their emotional response, which may be particularly sensitive to psychophys-

iological responses.  

Trial duration significantly moderated effect sizes of suppression on skin conductance level, 

diastolic and systolic blood pressure, and of reappraisal on skin conductance response in that 

the effects became more negative with increasing trial length. Studies on electrodermal re-

sponses may be difficult to compare within the conducted meta-analyses because trial durations 

varies largely across studies. This might be especially problematic for skin conductance level, 

as longer time windows carry the risk that non-specific skin conductance responses occur. If 

these phasic responses are not separated from the tonic parts, they might influence the absolute 

skin conductance level (Boucsein et al., 2012). Hence, skin conductance level assessed over 

several seconds in an event-related design might be different than skin conductance level as-

sessed over several minutes in a block-design. We accounted for this variability in parts by 

conducting a moderator analysis with trial duration as the moderator. We observed effects in 

both positive and negative direction. Studies with very short trial duration tend to report an 

increase in skin conductance, whereas studies with longer or extremely long trial durations tend 

to report a decrease in skin conductance. However, we acknowledge that our analysis did not 

allow to differentiate for example between studies that assessed skin conductance averages but 

eliminated the tonic parts (Hallam et al., 2015; Plieger et al., 2017) and studies that assessed 

skin conductance level without separating the phasic from the tonic responses. We encourage 

future researcher to use similar research methodology and terminology as suggested by the 

committee report on publication recommendations (Boucsein et al., 2012) to make studies more 

comparable in the future. In total, the varying effects of skin conductance across studies may 

be in part due to the high variability in assessment and quantification. 
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Compared to the tested autonomic responses (i.e. cardiovascular, electrodermal, pupillometric 

and respiratory responses), our present analysis revealed that effects of measures assessed with 

electromyography were medium and consistent across individual studies (see Figure 2.5 and 

Figure 2.26). Regarding the emotion-modulated startle, we found a significant decrease through 

emotion downregulation with a mean effect size of d = -.62. Corrugator activity significantly 

decreased with reappraisal of negative emotions with a medium effect size of d = -.32. As both 

analyses included a rather small number of studies resulting in large confidence intervals, they 

should be treated with caution (see Figure 2.3). Nevertheless, the results on electromyography 

showed more consistent results compared to the autonomic measures assessed in the present 

review and this encourages possible reasons that might have accounted for this consistency. 

Studies have shown that both the emotion-modulated startle and corrugator activity are specific 

to valence: The startle is inhibited in response to pleasant but potentiated in response to un-

pleasant stimuli with stronger responses for high- than for low-arousing stimuli (Bradley, 

Cuthbert, & Lang, 1993; Hamm, Cuthbert, Globisch, & Vaitl, 1997; Hawk & Cook, 2000; 

Schupp, Cuthbert, Bradley, Birbaumer, & Lang, 1997; Vrana et al., 1988). Corrugator supercilii 

is generally considered to correspond to changes in valence, too (Tassinary, Cacioppo, & 

Vanman, 2007). The valence-specificity might facilitate to measure the correspondence to 

changes in valence and hence allows to track the regulation effect more closely, compared with 

autonomic measures that rather reflect changes in arousal. However, there are also studies 

showing that in the context of emotion regulation, the startle response is more sensitive to 

changes in arousal (Dillon & LaBar, 2005; Zaehringer et al., 2018). 

Animal studies have shown that the amygdala, a key structure in emotion processing, directly 

modulates the auditory startle reflex via modulation of midbrain neurons (Davis, 1992; Rosen 

& Davis, 1988), which has been recently complemented by fMRI work in human subjects 

(Kuhn et al., 2020). Researcher have argued that the emotional modulation as indexed by the 

startle reflex may serve as a direct indicator of amygdala activation independent of task de-

mands (Grillon & Baas, 2003).  Similarly, the amygdala projects to the facial motor nucleus 

thereby coupling emotional facial expressions to the motive circuit (Davis, 2000). The amyg-

dala is a robust neural target of emotion regulation (Buhle et al., 2014) and altered amygdala 

activation with emotion regulation thus likely mediates the modulatory effect on the startle 

response and corrugator activity. Taken together, the specificity to the valence dimension and 

the direct modulation via the brain’s motivational system may contribute to the findings of 

emotion regulation effects on emotion modulated startle and corrugator activity. 
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With regard to the emotion-modulated startle, it is also possible that the emotion regulation 

instruction might have influenced the obtained effect sizes. Participants in these studies were 

free to choose an emotion regulation strategy that worked best for them. By allowing partici-

pants to choose from different strategies, they might be more successful in regulating their 

emotions, which could result in larger effects. Moreover, the startle response unfolds within 

milliseconds, whereas autonomic responses such as pupil dilation, electrodermal responses, and 

heart rate variability rather unfold over several seconds, or even minutes. Therefore, the startle 

response may be easier to measure because it is clearly time-locked to the startle probe and all 

changes can be measured in studies with shorter observation times during the trials, whereas a 

skin conductance response with a slower response latency to peak may carry over effects to the 

next trial. In addition, emotion-modulated startle studies largely converge on the measurement 

and quantification of the startle response, whose setup is known to be relatively simple. In our 

meta-analysis on the emotion-modulated startle, all studies rectified and integrated the raw 

EMG signal with a time constant of 20ms, calculated the startle amplitude by subtracting a 20 

or 50 milliseconds pre-startle baseline from the peak 20 – 120 or 20 – 150 milliseconds after 

startle probe onset and finally t- or z-transformed the mean amplitudes (Conzelmann et al., 

2015; Dillon & LaBar, 2005; Golkar et al., 2014; Jackson et al., 2000).  

In contrast, we observed tremendous variation in the quantification of the autonomic indices. 

For example, studies on skin conductance level during reappraisal assessed baseline activity 

during a neutral condition that included the presentation of neutral stimuli (Lohani & 

Isaacowitz, 2014; Wolgast et al., 2011), right before stimulus onset (e.g., Shiota & Levenson, 

2009), right before instruction (Opitz et al., 2014), after instruction (Urry et al., 2009), or re-

ported no baseline assessment (Goldin et al., 2019). These studies then either subtracted mean 

activity of the respective baseline from mean activity during the regulation period (e.g., Opitz 

et al., 2014; Shiota & Levenson, 2009), calculated raw means (Goldin et al., 2019), or area 

under the curve (Urry et al., 2009). It should be noted that these observations remain solely on 

a descriptive level. We did not conduct a moderator analysis to account for this variation since 

too few studies were available. Future studies would be helpful to corroborate our considera-

tions. 

The meta-analyses we presented in this article suggest that electromyographic measures such 

as the emotion-modulated startle might be robust options to assess emotion regulation effects, 

whereas autonomic measures might be context dependent and thus should be selected carefully. 

Autonomic measures are still important and interesting for emotion regulation research as they 

allow to track the extended reaction of the body to an emotional event or a series of events, 
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whereas the emotion-modulated startle is being assessed at one given time and thus does not 

allow to track the time-course of the regulation period.  

2.5.1 Limitations and Future Research 

While the present study represents the first meta-analysis of specific psychophysiological ef-

fects during distraction, reappraisal, suppression and instructions to choose a downregulation 

strategy, it is not without limitations. First of all, we emphasize that the number of available 

studies was small with the exception of heart rate and skin conductance level. In particular, 

most of the significant meta-analyses in the present study included few studies and these studies 

often stemmed from an even smaller number of labs (e.g., mean arterial pressure, finger tem-

perature; see Figure 2.3). Thus, we need more research to test whether the effects would become 

insignificant with increasing number of independent studies. Similarly, absence of significance 

in meta-analyses with small number of samples should not be taken as evidence that there is no 

effect at all. Thus, studies that assess less common psychophysiological measures and emotion 

regulation instructions are urgently needed to increase knowledge about psychophysiological 

responses during emotion regulation.  

Furthermore, no meta-analysis is free of a potential publication bias. The bias refers to the phe-

nomenon that significant findings get published earlier and are more likely than non-significant 

findings. Statistical analyses indicated that there might be some publication bias, but this 

seemed not to appreciably impact the results. In addition, psychophysiological measures are 

usually not the primary outcome of emotion regulation studies, and many published studies 

have reported negative findings. Thus, we consider the publication bias to be relatively small 

in this review.  

We also highlight the substantial variability in the research methodology used across the emo-

tion regulation studies included in our meta-analysis. We explored the impact of methodologi-

cal differences using several moderators (trial duration, nature of emotion induction, nature of 

control instruction, study design) and showed that central design aspects are explaining some 

differences in the overserved autonomic effect sizes. This raises the question to which degree 

the studies included in the present review are actually comparable.  

Sample size was very small and conducting the meta-analyses and moderator analyses required 

a large number of separate analyses. In light of this, significant results presented here should be 

treated with caution as multiple comparisons might have increased the chances of false discov-

ery. More research is needed to confirm our results. We also acknowledge that we assessed a 

limited sample of potential moderators. As mentioned above, there was tremendous variation 
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in the quantification of the autonomic indices, which we were not able to account for as there 

were too few studies available to conduct meaningful moderator analyses. Finally, we highlight 

that our meta-analysis was limited to the regulation of negative emotions only, mainly focusing 

on reappraisal and suppression. 

In light of these limitations, we need particularly larger and more comparable studies with iden-

tical setup to control the moderator variables identified in this meta-analysis (in particular trial 

duration, comparable control conditions and the same study design). One important future di-

rection for researchers in the area of psychophysiological response patterns to emotion regula-

tion is to design large-scale, comprehensive studies that directly compare psychophysiological 

measures and emotion regulation strategies ideally using the same assessment and quantifica-

tion of psychophysiological responses.  

With psychophysiological recordings we cannot control which regulation strategies are really 

being applied by participants. The variability of autonomic responding across different emotion 

regulation contexts further complicates an accurate interpretation of effects and may be partic-

ularly problematic in studies focusing on just one psychophysiological outcome measure. Ex-

periments using simultaneous recordings from multiple psychophysiological channels would 

be helpful to e.g. identify potential response patterns uniquely characterizing different emotion 

regulation strategies (e.g., pupil, heart rate, skin conductance, etc.). However, major progress 

is unlikely without coordinated effort across labs to systematically address these questions. 

There is also a need for studies that carefully tease apart attention, arousal and other cognitive 

processes that may influence autonomic responses in order to gain a better understanding of the 

interpretation of autonomic responses during emotion regulation. Systematic variations in dif-

ferent experimental setups may help to dissociate the underlying cognitive and emotional pro-

cesses that cause autonomic activity in order to draw clear inferences. 

2.5.2 Conclusion 

This meta-analysis represents the first attempt to determine the mean effects of different emo-

tion regulation strategies on individual psychophysiological measures. Our results indicate that 

a) effects of reappraisal decreased heart rate and corrugator activity, whereas suppression in-

creased sympathetic arousal but decreased respiration amplitude and mean arterial pressure, b) 

effects of autonomic measures, even if significant, were small and heterogeneous across stud-

ies, while electromyographic measures showed medium effect sizes and c) the study design, 
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control instruction and trial duration moderated some but not all effect sizes. As available stud-

ies were few, our findings remain preliminary. In order to use meta-analyses to compare effects 

of psychophysiological responses in different regulation contexts, more comparable. 

2.6 Supplementary Material 

2.6.1 Electrodermal Activity 

Boucsein et al. (2012) define phasic electrodermal responses as short-lasting changes in elec-

trodermal activity most commonly reported as a peak amplitude (including non-zero responses) 

or magnitude (including only responses above a defined minimum) after a specific stimulus. 

Phasic skin conductance responses are thus only a small fraction of the skin conductance level. 

Tonic skin conductance level refers to the slowly changing level of skin conductance “typically 

computed as a mean of several measurements taken during a specific time period.” (Boucsein 

et al., 2012, p. 1026). In addition, non-specific skin conductance responses may be assessed 

during periods of nonstimulation and they are commonly computed as number of skin conduct-

ance responses per unit of time (nSCR). The inspection of included studies in the present review 

however showed that the distinction between short-lasting changes and slow-changing level in 

skin conductance are rather fluent in emotion regulation studies. In the studies included in our 

analyses, skin conductance levels (i.e. average values) were assessed over trials lasting between 

4 and 590s seconds, whereas skin conductance responses were assessed over trial durations 

lasting between 5 and 1800 seconds. To overcome this problem, we created a taxonomy to 

divide skin conductance level and skin conductance response with definitions adapted to the 

emotion regulation literature. The taxonomy and a full list of studies with detailed explanation 

why we categorized them as either “skin conductance response” or “skin conductance level” 

can be found in Table 2.10. In brief, we distinguished between indices reflecting the maximum 

amplitude and indices reflecting the duration of the skin conductance signal (i.e. averages). In 

particular, we defined skin conductance responses as maximum amplitude, magnitude, or peak 

occurring in a particular time after stimulus onset. These amplitudes may be baseline corrected 

and averaged over time. Non-specific skin conductance responses occurring during longer pe-

riods of time were also regarded as “skin conductance responses”, if they were reported as 

maximum amplitudes. We defined skin conductance level as the mean skin conductance over 

a specific period of time that can range between several seconds and several minutes. If skin 

conductance was calculated as the area under the curve or the integrated signal over a period of 
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time, we also defined these measures as skin conductance level, since they are also affected by 

the duration of the response. 

2.6.2 Forest Plots 

2.6.2.1 Distraction Strategies 

 

 
Figure 2.4. Statistics and results from the meta-analysis on skin conductance level (SCL) during 
distraction. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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2.6.2.2 Reappraisal Strategies 

 
Figure 2.5. Statistics and results from the meta-analysis on corrugator activity (cEMG) during 
reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.6. Statistics and results from the meta-analysis on finger pulse amplitude (FPA) during 
reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.7. Statistics and results from the meta-analysis on finger pulse transit time (FPTT) 
during reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to ef-
fect size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a 
forest plot with effect sizes and 95% confidence intervals (CI). The diamond size of the indi-
vidual effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.8. Statistics and results from the meta-analysis on finger temperature (FT) during re-
appraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size of 
the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.9. Statistics and results from the meta-analysis on heart rate (HR) during reappraisal. 
Each row represents one sample. Middle column: ‘effect size’ refers to effect size of the sample. 
‘CI’ refers to the 95% confidence interval. The right column shows a forest plot with effect 
sizes and 95% confidence intervals (CI). The diamond size of the individual effect sizes of each 
sample refers to the relative weight of the effect. 
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Figure 2.10. Statistics and results from the meta-analysis on heart rate variability (HRV) during 
reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.11. Statistics and results from the meta-analysis on pupil dilation (PD) during reap-
praisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size of 
the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.12. Statistics and results from the meta-analysis on respiration amplitude (RA) during 
reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.13. Statistics and results from the meta-analysis on skin conductance level (SCL) dur-
ing reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.14. Statistics and results from the meta-analysis on skin conductance response (SCR) 
during reappraisal. Each row represents one sample. Middle column: ‘effect size’ refers to ef-
fect size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a 
forest plot with effect sizes and 95% confidence intervals (CI). The diamond size of the indi-
vidual effect sizes of each sample refers to the relative weight of the effect. 
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2.6.2.3 Suppression Strategies 

 
Figure 2.15. Statistics and results from the meta-analysis on diastolic blood pressure (DBP) 
during suppression. Each row represents one sample. Middle column: ‘effect size’ refers to 
effect size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a 
forest plot with effect sizes and 95% confidence intervals (CI). The diamond size of the indi-
vidual effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.16. Statistics and results from the meta-analysis on ear pulse transit time (EPTT) dur-
ing suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.17. Statistics and results from the meta-analysis on finger pulse amplitude (FPA) dur-
ing suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.18. Statistics and results from the meta-analysis on finger pulse transit time (FPTT) 
during suppression. Each row represents one sample. Middle column: ‘effect size’ refers to 
effect size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a 
forest plot with effect sizes and 95% confidence intervals (CI). The diamond size of the indi-
vidual effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.19. Statistics and results from the meta-analysis on finger temperature (FT) during 
suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.20. Statistics and results from the meta-analysis on heart rate (HR) during suppression. 
Each row represents one sample. Middle column: ‘effect size’ refers to effect size of the sample. 
‘CI’ refers to the 95% confidence interval. The right column shows a forest plot with effect 
sizes and 95% confidence intervals (CI). The diamond size of the individual effect sizes of each 
sample refers to the relative weight of the effect. 
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Figure 2.21. Statistics and results from the meta-analysis on heart rate variability (HRV) during 
suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.22. Statistics and results from the meta-analysis on mean arterial pressure (MAP) dur-
ing suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.23. Statistics and results from the meta-analysis on respiration amplitude (RA) during 
suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect size 
of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest plot 
with effect sizes and 95% confidence intervals (CI). The diamond size of the individual effect 
sizes of each sample refers to the relative weight of the effect. 
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Figure 2.24. Statistics and results from the meta-analysis on systolic blood pressure (SBP) dur-
ing suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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Figure 2.25. Statistics and results from the meta-analysis on skin conductance level (SCL) dur-
ing suppression. Each row represents one sample. Middle column: ‘effect size’ refers to effect 
size of the sample. ‘CI’ refers to the 95% confidence interval. The right column shows a forest 
plot with effect sizes and 95% confidence intervals (CI). The diamond size of the individual 
effect sizes of each sample refers to the relative weight of the effect. 
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2.6.2.4 Own Choice Strategies 

 
Figure 2.26. Statistics and results from the meta-analysis on emotion-modulated startle during 
downregulation with own choice. Each row represents one sample. Middle column: ‘effect size’ 
refers to effect size of the sample. ‘CI’ refers to the 95% confidence interval. The right column 
shows a forest plot with effect sizes and 95% confidence intervals (CI). The diamond size of 
the individual effect sizes of each sample refers to the relative weight of the effect. 
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2.6.3 Funnel Plots 
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3 STUDY II: EMOTION-MODULATED STARTLE REFLEX DURING 

REAPPRAISAL: PROBE TIMING AND BEHAVIORAL CORRELATES 

An adapted version of this chapter has been published as ‘Zaehringer, J., Schmahl, C., Ende, 

G., & Paret, C. (2018). Emotion-modulated startle reflex during reappraisal: Probe timing and 

behavioral correlates. Behavioral Neuroscience, 132(6), 573-579. doi:10.1037/bne0000271‘ 

3.1 Abstract 

Down-regulation of negative emotions has been shown to reliably inhibit the emotion-modu-

lated startle reflex, but it remains unclear whether the timing of the startle probe influences the 

meaningful quantification of emotion regulation. Moreover, it is not known, whether the degree 

of startle inhibition corresponds to the subjective attenuation of negative emotions. Therefore, 

the two main goals of the study were first to systematically analyze the effect of probe time on 

startle inhibition. Second, we aimed to explore the association between subjectively perceived 

down-regulation of arousal and valence and the degree of startle inhibition. We presented neg-

ative and neutral pictures to N = 47 participants. Pictures were paired with the instruction to 

reappraise or to maintain the emotions elicited by these pictures. Probes were delivered at three 

different times during a 12.5 s regulation phase and the startle response was measured with 

electromyography. Valence and arousal ratings were assessed after each trial. Results revealed 

no significant impact of probe time on startle inhibition during reappraisal. Startle inhibition 

and perceived down-regulation of arousal were significantly and positively correlated, whereas 

perceived down-regulation of valence was not. The results provide important implications for 

future studies in terms of startle probe timing and shed light onto the interpretation of startle 

inhibition as an indicator of subjective attenuation of negative emotions. 

3.2 Introduction 

Emotions add flavor to life and substantially shape the adaptive and survival responses to emo-

tional stimuli (Ekman & Davidson, 1994). Emotions are organized in an appetitive and a de-

fensive motivational system based on valence and arousal dimensions (Lang, 1995; Lang, 

Simons, & Balaban, 1997). Viewing of negative pictures activates the aversive motivational 

system and defensive reflexes, which vary with the intensity (i.e. arousal) of the stimulus 

(Bradley, Codispoti, Cuthbert, et al., 2001). The startle response is a defensive reflex and is 

typically measured as the contraction of the orbicularis oculi muscle in response to auditory 
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probes in human studies (Lang et al., 1990). A substantial body of work (Davis et al., 1995; 

Lang et al., 1990) has demonstrated that startle amplitudes are increased and decreased in neg-

ative and positive emotional states, respectively (i.e. emotion-modulated startle), with re-

sponses being more potentiated and inhibited during viewing of highly arousing stimuli 

(Bradley, Codispoti, Cuthbert, et al., 2001; Vrana et al., 1988).  

Humans can purposefully control the type, intensity and occurrence of their emotions in a con-

text-dependent manner, which is known as emotion regulation (Gross, 1998b, 2002). The most 

prominent and well-studied emotion regulation strategy is reappraisal, which is implemented 

before the behavioral response has fully unfolded (Gross, 1998a). The emotion-modulated star-

tle can be used as a specific measure of reappraisal because it is inhibited when down-regulating 

and potentiated when up-regulating negative emotions (Adolph & Pause, 2012; Bernat et al., 

2011; Conzelmann et al., 2015; Dillon & LaBar, 2005; Driscoll et al., 2009; Grillon et al., 2015; 

Jackson et al., 2000; Lee et al., 2009; Lissek et al., 2007). It has been demonstrated that the 

downregulation of negative emotions through reappraisal involves a significant reduction of 

amygdala activity (Buhle et al., 2014). Since projections from the amygdala modulate the startle 

reflex (Davis, 2000), down-regulation of the amygdala likely mediates startle inhibition with 

reappraisal.  

Several questions however remain unanswered. As reappraisal processes are dynamic, the star-

tle response may change as a function of probe timing. Previous studies demonstrated greater 

startle potentiation for probes delivered later compared to those delivered earlier during a 6-12s 

period of emotional picture viewing (Bradley, Codispoti, Cuthbert, et al., 2001; Sutton et al., 

1997). When it comes to reappraisal, it is unclear whether probe timing has an impact on the 

reliability of the startle reflex to quantify emotion regulation. According to the implementation 

and maintenance model (IMMO; Kalisch, 2009; Paret et al., 2011) reappraisal is divided into 

an early and late phase. In the early phase, participants choose and implement a strategy, 

whereas in the late phase they maintain the strategy in working memory and monitor its success. 

In light of this, reappraisal might need several seconds until it effectively reduces negative 

emotions. Thus, startle modulation may become more pronounced as soon as the maintenance 

of reappraisal predominates. In line with this, two studies have observed small decreases of the 

startle amplitudes when probes were delivered 3 seconds into the regulation phase, whereas 

large decreases were observed when probes were delivered 8-11 seconds into the emotion reg-

ulation phase (Dillon & LaBar, 2005; Jackson et al., 2000). Another study delivered the startle 

probe 2 seconds into the reappraisal phase and reported non-significant startle inhibition (Eip-

pert et al., 2007). Moreover, most pronounced amygdala down-regulation was observed after 
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probe presentation, suggesting that the probe might have been given too early to reliably detect 

reappraisal effects. The main goal of our study was thus to determine whether the timing of the 

startle probe has an influence on the reliability of the startle reflex to quantify reappraisal. This 

is a question worth exploring, as reappraisal is the emotion regulation strategy most often as-

sessed in emotion regulation studies.  Our study will thus help avoiding misinterpretation of 

non-significant effects in future studies. 

A second issue concerns the question whether the emotion-modulated startle reflex as an ob-

jective measure of emotion down-regulation is correlated with subjective attenuation of nega-

tive emotions. One way to measure subjective attenuation of negative emotions is to assess the 

perceived valence of one’s emotions and one’s level of arousal after each regulation trial. The 

difference of arousal as well as valence between regulation and control condition then serves 

as a measure of subjective attenuation of negative emotions. Startle modulation by emotional 

stimuli has been shown to be sensitive to changes in both perceived stimulus valence and emo-

tional arousal during picture viewing (VanOyen Witvliet & Vrana, 1995; Vrana et al., 1988). 

However, studies have found that the instruction to decrease emotions attenuated startle re-

sponses for both negatively and positively rated pictures  (Bernat et al., 2011; Conzelmann et 

al., 2015; Dillon & LaBar, 2005), suggesting that startle reflex in response to emotion regulation 

may vary with perceived arousal, but not with valence. Few studies have assessed valence and 

arousal ratings in addition to the emotion-modulated startle (Bernat et al., 2011; Conzelmann 

et al., 2015; Dillon & LaBar, 2005) and only one of these studies (Bernat et al., 2011) assessed 

them during the experimental task, but the latter did not provide an analysis of covariance. We 

are not aware of any study that directly explored the relationship between subjective attenuation 

of valence and arousal of negative emotions and the degree of startle inhibition during reap-

praisal.  

To address these questions, we conducted a reappraisal experiment with early, middle and late 

probe presentation (2 seconds, 7 seconds and 12 seconds into the regulation phase). Further-

more, we assessed how negative and how aroused participants felt after each trial. At the end 

of the experiment, we assessed the habitual use of cognitive emotion regulation strategies. On 

the basis of both the implementation and maintenance model and previous findings assessing 

both early and late startle probes (Dillon & LaBar, 2005; Jackson et al., 2000), we hypothesized 

that the difference of startle amplitudes in the reappraisal versus the control condition signifi-

cantly increases with startle probe time (i.e. 2 seconds <7 seconds <12 seconds). We also hy-

pothesized that down-regulation of arousal significantly correlates with startle inhibition 

through reappraisal. Another goal of our study was to explore whether the frequency to which 
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participants engage in reappraisal and other cognitive emotion regulation strategies in daily life 

would be associated with startle inhibition, as previous studies have shown that both difficulties 

with emotion regulation and the frequent use of reappraisal are associated with alterations in 

psychophysiological responding (Mauss et al., 2007; Williams et al., 2015).  

3.3 Methods 

3.3.1 Participants 

47 healthy right-handed females (age: M = 23.9, SD = 5.5) participated in this study. Only 

females were studied to avoid confounding effects of gender differences (Bradley, Codispoti, 

Sabatinelli, & Lang, 2001). Exclusion criteria checked beforehand in a telephone interview 

comprised any mental disorder according to the DSM-V criteria (American Psychological As-

sociation, 2013), any history of psychiatric or neurological treatment, drug use, regular intake 

of medicine, current pregnancy and a BMI below 16.5. All participants had normal vision and 

hearing and were fluent in German. The study was approved by the Ethics Committee of the 

Medical Faculty Mannheim/ Heidelberg University and was conducted according to the Decla-

ration of Helsinki. After full explanation of the study, all subjects gave written informed consent 

prior to participation and were paid 30 Euro for participation. 

3.3.2 Apparatus and Procedure 

To increase motivation, subjects were told at the beginning of the experiment that an additional 

amount of 15 Euro would be paid to the top 25% regulators, as determined by their “physiolog-

ical responses” to the stimuli. At the end of the experiment, all participants received the addi-

tional 15 Euro and were debriefed (cf. Jackson et al., 2000). Participants were instructed either 

to view negative and neutral pictures without modifying their emotions or to down-regulate 

their feelings toward negative pictures by means of reappraisal strategies. Reappraisal strategies 

comprised distancing oneself from the depicted content or to reinterpret the depicted content in 

a positive or neutral manner. Oral practice trials were conducted before the computer task until 

the participant was able to apply reappraisal properly.  Furthermore, participants were in-

structed not to turn away their gaze or to close their eyes, nor to focus exclusively on non-

emotional parts of the picture. For a detailed description of the experimental procedure see 

Figure 3.1. The participants’ eyes were tracked by a camera system (SMI BeGaze, Teltow, 

Germany) to encourage subjects to stay with the task but data were not analyzed. Trial order 

was pseudorandomized and counterbalanced with no more than two consecutive conditions of 
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the same type. In total, the paradigm consisted of 63 trials (7 trials per condition) and lasted 40 

min. After trial 21 and trial 42 the task paused for a couple of minutes to prevent fatigue.  

 
Figure 3.1. Experimental procedure. Each trial began with a 2,000 milliseconds presentation of 
an instructional cue (view, downregulate), followed by a fixation cross displayed for 1,000 mil-
liseconds. Next, a neutral or negative picture was presented for 12,500 milliseconds. A startle 
probe (50 milliseconds, 95dB white noise burst) was presented through headphones either at 2  
seconds (probe A), 7 seconds (probe B) or 12 seconds (probe C) into the regulation phase. 
Probes were balanced across conditions, and no more than two trials of same probe type were 
presented in consecutive trials. Self-assessment Manikins (SAM Ratings; Bradley & Lang, 
1994) were presented after picture offset. Participants rated on a 1–9 Likert scale how posi-
tive/negative and aroused/calm they felt at that moment. Lower scores on the valence scale 
indicate that they felt more positive; lower scores on the arousal scale indicate that they felt 
calmer. By pressing buttons on a keyboard, subjects moved a bar from left to right to select 
SAMs corresponding to their subjective valence and arousal. The initial bar position was ran-
dom, and the final position of the bar at the end of the rating was logged. Valence and arousal 
rating scales were displayed consecutively for 5,000 milliseconds each, with a 1,500 millisec-
onds time lag between the ratings. Intertrial intervals were jittered between 3,500 and 5,500 
milliseconds. 

3.3.3 Picture Stimuli 

Stimuli were taken from the standardized picture series (Lang et al., 2008; Marchewka, 

Żurawski, Jednoróg, & Grabowska, 2014) and were presented with the Presentation software 

(Neurobehavioral Systems, Berkeley, CA) in semi-randomized order with restriction of no 

more than two consecutive trials from the same condition, and no more than three consecutive 

trials with negative pictures. Sets of 42 negative pictures (valence: M = 2.36, SD = .68; arousal: 
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M = 6.86, SD = .23) and 21 neutral pictures (valence: M = 5.21, SD = .59; arousal: M = 2.57, 

SD = .26) were created (normative ratings based on representative samples (Lang, Bradley, & 

Cuthbert, 2009; Marchewka, Zurawski, Jednorog & Grabowska, 2014). Details about the stim-

uli we used in our experiment can be derived from the supplement. Arousal and valence ratings 

differed significantly between the sets (both ps <.001). The pictures were further divided into 

two sets (balanced for content, valence, and arousal), which resulted in three conditions de-

pending on instruction and picture type: View neutral pictures (LookNeu), view negative pic-

tures (LookNeg) and down-regulate emotions while viewing negative pictures with reappraisal 

(RegNeg). Assignment of negative picture sets to LookNeg and RegNeg condition was alter-

nated between subjects. 

3.3.4 Measures. 

3.3.4.1 Emotion-modulated Startle 

The eye blink was measured by electromyogram (EMG). Two Ag-AgCl electrodes were placed 

on the orbicularis oculi muscle below the left eye, and a ground electrocardiogram electrode 

was attached on the lower rip bow1. The raw EMG signal was sampled at 1000 Hz, and the gain 

was amplified by 2000. High-pass (50 Hz) and low-pass (500 Hz) filters were applied to the 

data with AcqKnowledge software (BIOPAC Systems; Goleta, CA). EMG data were integrated 

over 10 samples and analyzed offline with Clip, a C++based, semi-automated program (Kinzig, 

Schulz, Curio, & Schächinger, 2008). Startle response was defined as the difference between 

peak (20–120 milliseconds after stimulus onset) and baseline (50 milliseconds prior to stimulus 

onset) signal. Trials including movement artifacts, excessive baseline activity (exceeding 2 

standard deviations [SD] above baseline mean), or non-responses (peak < four SD below base-

line mean) were excluded (mean % = 9.56 [SD = 6.52]) of all trials across participants). Startle 

data from six participants were excluded because of excessive noise (more than 30% missing). 

Finally, amplitudes were z-standardized within participants and transformed to T-scores with 

mean = 50 and SD = 10. Responses were averaged across participants for each condition.  

3.3.4.2 Cognitive Emotion Regulation Questionnaire (CERQ) 

 To measure how frequently participants apply cognitive emotion regulation strategies in daily 

life, we administered the German adaptation of the Cognitive Emotion Regulation Question-

naire (CERQ; Garnefski, Kraaij, & Spinhoven, 2002) after the emotion regulation task. The 
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CERQ is a 36-item questionnaire, comprising the following nine conceptually different sub-

scales: Self-blame, Acceptance, Planning, Positive Refocusing, Rumination, Positive Reap-

praisal, Putting into Perspective, Catastrophizing and Other-blame. 

3.3.4.3 Postexperimental Success Ratings 

After the emotion regulation task, participants indicated the subjectively experienced regulation 

success on a 9-point Likert scale ranging from 1 = not at all to 9 = very much. Questions were 

adapted from Gallo, Keil, McCulloch, Rockstroh, and Gollwitzer (2009): 1. How much have 

you tried to reduce your negative feelings?; 2. How difficult was it to reduce your negative 

feelings?; 3. How well did you succeed in realizing the goal expressed in the reappraisal in-

struction?  

3.3.5 Data Analysis 

Data analysis was performed using SPSS version 24 (SPSS Inc., Chicago, IL, USA). Before 

interaction analysis of emotion regulation and startle probe timing, we subtracted the mean 

amplitudes of the LookNeu conditions from the RegNeg and from the LookNeg conditions. We 

then conducted a repeated-measures ANOVA with 2 condition (RegNeg, LookNeg) x 3 probe 

timing (2 seconds, 7 seconds, 12 seconds) levels. The Greenhouse-Geisser correction was used 

to correct sphericity, and corrected p values are reported. Additionally, to analyze the correla-

tion between startle inhibition and subjective attenuation of negative emotions, we calculated 

difference scores (LookNeg minus RegNeg) for startle amplitudes (T-scores) and valence and 

arousal ratings. Furthermore, CERQ subscales were correlated with startle inhibition using 

Pearson’s correlation coefficient and assessed significance at the p < .05 level.  

3.4 Results 

3.4.1 Ratings (Manipulation Check) 

All participants adhered to the reappraisal task as evidenced by the post-hoc success ratings 

(see Table 3.1 for means and SDs for each question). Induction of negative emotions was suc-

cessful, evidenced by paired t-tests showing that arousal and valence ratings were significantly 

higher in the LookNeg (arousal: M = 4.31, SD = .23; valence: M = 5.96, SD = .22) than in the 

LookNeu (arousal: M = 1.57, SD = .10; valence: M = 2.89, SD = .18) condition [arousal: t(46) 

= 12.25 , p < .001; valence: t(46) = 14.51, p < .001]. Moreover, all participants were able to 

down-regulate their level of arousal and negative emotional state with reappraisal as evidenced 
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by lower arousal (M = 3.18, SD = .18) and less negative/more positive valence (M = 4.85, SD 

= .20) in the RegNeg condition compared to the LookNeg condition [arousal: t(46) = -6.23, p 

< .001; valence: t(46) = -7.71, p < .001].  

3.4.2 Emotion-modulated Startle 

The 2 (condition) x 3 (startle probe) repeated measure ANOVA revealed a significant main 

effect of condition, F(1,40) = 6.105, p = .02, eta2 = .13. The main effect of probe timing was 

not significant, F(2,80) = .67, p = .60, eta2 = .01. Contrary to our hypothesis, the interaction 

condition x probe timing was also not significant, F(2,80) = .51, p = .60, eta2 = .01 (Figure 

3.2A).  

 

 

 
Figure 3.2.  A) Mean startle amplitudes in the RegNeg and LookNeg condition across the three 
startle probe times (A: 2s, B: 7s, C: 12s). Mean amplitudes represent T score converted differ-
ence scores (RegNeg minus LookNeu and LookNeg minus LookNeu). Error bars represent 
standard errors of means (SEM). B) Significant and positive Pearson’s correlation between 
arousal down-regulation and startle inhibition indicating that individuals who performed better 
at down-regulating arousal also performed better at inhibiting their startle response during re-
appraisal. 
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3.4.3 Correlations 

3.4.3.1 Arousal and Valence Ratings 

Pearson’s correlational analysis showed that the difference scores (LookNeg minus RegNeg) 

of startle amplitudes were significantly and positively associated with difference scores (Look-

Neg minus RegNeg) of arousal ratings (r =.41, p = .01, n = 41), indicating that participants who 

showed a stronger subjective attenuation of arousal also showed a stronger inhibition of the 

startle amplitude during reappraisal (Figure 3.2B). In contrast, difference scores (LookNeg mi-

nus RegNeg) of startle amplitudes did not significantly correlate with difference scores of va-

lence ratings (r = .26, p = .11, n = 41), suggesting that the inhibition of startle during reappraisal 

is not predictive for the subjective attenuation of valence. 

3.4.3.2 CERQ 

For descriptive statistics on CERQ subscales see Table 3.2. Internal consistency of the CERQ 

was good, as evidenced by Cronbach’s alpha = 0.77. Correlations between difference scores 

(LookNeg minus RegNeg) of startle amplitudes and CERQ subscales and success ratings were 

not significant (all ps > .05). 

3.5 Discussion 

The primary goal of this study was to examine effects of startle probe timing on the meaningful 

quantification of emotion regulation through the startle eye-blink. In addition, we analyzed 

whether the degree of startle inhibition during reappraisal was predictive for the subjective at-

tenuation of negative emotions. Results demonstrated that subjects successfully reduced nega-

tive emotions evidenced by startle inhibition, arousal, valence and post-hoc success ratings. 

Contrary to our expectations, startle inhibition was independent of probe timing. In other words, 

whether probes were delivered at 2, 7 or 12 seconds into the reappraisal phase did not signifi-

cantly affect the assessment of emotion regulation. In accordance with our second hypothesis, 

startle inhibition was significantly and positively correlated with subjective attenuation of 

arousal but not with subjective reduction of valence. We were able to replicate the finding that 

down-regulating negative emotions with cognitive emotion regulation strategies inhibits emo-

tion-modulated startle (Conzelmann et al., 2015; Grillon et al., 2015; Jackson et al., 2000; Lee 

et al., 2009; Lissek et al., 2007; Piper & Curtin, 2006). Although temporal differences were not 

significant, a visual inspection of results shows that startle probes delivered at ≥7 seconds are 

useful to quantify reappraisal effects (see Figure 3.2A). Descriptively, startle probes delivered 
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at 2 seconds produced smaller effects and might be less sensitive than later probes (Dillon & 

LaBar, 2005; Eippert et al., 2007; Jackson et al., 2000), though these differences are not signif-

icant. 

Startle inhibition during reappraisal correlated with the perceived downregulation of arousal. 

This finding is in line with our second hypothesis, which was based on previous literature sug-

gesting that the regulation effect on the emotion-modulated startle follows the pattern of varia-

tions in arousal of pictures (Bernat et al., 2011; Dillon & LaBar, 2005). The present results 

provide important new information as they demonstrate that changes in the defensive tendency 

measured with emotion-modulated startle also reflect changes in perceived levels of arousal.  

Efferent pathways from the amygdala, found to modulate startle (Davis, 1992), are involved in 

regulating arousal-related responses to aversive stimuli (LeDoux, Iwata, Cicchetti, & Reis, 

1988; Reyes, Carvalho, Vakharia, & Van Bockstaele, 2011). Hence, subjective arousal as well 

as defensive tendency may be down-regulated due to amygdala inhibition, and the shared neural 

mechanism may account for the finding. Alternatively, it could be that subjects may have rated 

arousal based on self-observation of startle intensity. In contrast, we found no significant cor-

relation between the perceived downregulation of valence and startle inhibition. The result 

raises the possibility that in the context of emotion regulation the affective modulation of the 

startle response might be a particularly strong indicator of one’s level of arousal rather than a 

measure of the valence of one’s emotional state. This assumption is complemented by prior 

research on emotional picture viewing showing that both the degree of affective modulation of 

the startle response and amygdala activity become more pronounced as the level of subjective 

arousal of pictures increases (Cuthbert, Bradley, & Lang, 1996; Phan et al., 2004; Sabatinelli, 

Bradley, Fitzsimmons, & Lang, 2005).  

No correlations were found between startle inhibition and CERQ subscales, suggesting that 

startle inhibition during reappraisal might not be indicative for a frequent use of reappraisal and 

other forms of cognitive emotion regulation strategies. This is contrary to previous studies 

showing that people who frequently engage in reappraisal show different psychophysiological 

responding in aversive situations than people who use reappraisal less frequently (Mauss et al., 

2007; Memedovic, Grisham, Denson, & Moulds, 2010).   

The study is not without limitations. To limit attentional demands and fatigue due to long task 

duration, ITI was short and startle probes were presented in every trial. As a result, late probe 

types B and C, in particular, were highly predictable. However, subtraction of LookNeu condi-

tion probes controlled for probe anticipation effects. Moreover, the study may have been un-

derpowered to show the effect of probe timing on startle inhibition. A post-hoc power analysis 
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based on our results using G*Power (Faul, Erdfelder, Lang, & Buchner, 2007) indicated that 

262 participants would be necessary to achieve reasonable power (1-β>.80) in order to prove 

significance, given a true interaction effect. In our view, the cost to assess more data would 

outweigh the benefit to detect a potential but marginal effect. Finally, generalization of our 

results is limited because all participants were female college students.  

3.6 Conclusion 

Startle probes delivered at ≥7 seconds are useful to quantify reappraisal effects, though earlier 

probes did not yield significantly worse effects. Moreover, the successful downregulation of 

perceived arousal is reflected by a decline in the defensive tendency, measured with the emo-

tion-modulated startle response. In contrast, down-regulation of emotional valence is not cor-

related with a reduction of the startle response.  

3.7 Supplementary Material  

3.7.1 Supplementary Methods 

3.7.1.1 Picture Stimuli 

Stimuli were taken from the standardized picture series (Lang et al., 2008; Marchewka et al., 

2014) and were presented with the Presentation software (Neurobehavioral Systems, Berkeley, 

CA) in semi-randomized order with restriction of no more than two consecutive trials from the 

same condition, and no more than three consecutive trials with negative pictures. Sets of 42 

negative pictures8 (valence: M = 2.36, SD = .68; arousal: M = 6.86, SD = .23) and 21 neutral 

pictures9 (valence: M = 5.21, SD = .59; arousal: M = 2.57, SD = .26) were created (normative 

ratings based on representative samples (Lang, Bradley, & Cuthbert, 2008; Marchewka et al., 

2014). Arousal and valence ratings differed significantly between the sets (both ps <.001). The 

pictures were further divided into two sets (balanced for content, valence, and arousal), which 

 
8 IAPS pictures: 1050, 1120, 1201, 9635, 3051, 3261, 3266, 3400, 3550, 6021, 6231, 6250, 6263, 6370, 6550, 

6838, 9163, 9490, 9908, 9940, 1202 

Pictures derived from Marchewka et al. (2014): Animals_052, Faces_009, Faces_016, Faces_018, Faces_149, 

Faces_159, Faces_364, Objects_121, Objects_006, Objects_011, Objects_125, People_088, People_127, Peo-

ple_073, People_201, People_211, People_212, People_214, People_222, People_226, People_231 

 
9 IAPS pictures: 7004, 7000, 7490, 7950, 7187, 7026, 2381, 7041, 7217, 7052, 7006, 7080, 7185, 7100, 7035, 

5471, 5740, 2038, 2580, 5510, 5530 
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resulted in three conditions depending on instruction and picture type: View neutral pictures 

(LookNeu), view negative pictures (LookNeg) and down-regulate emotions while viewing neg-

ative pictures with reappraisal (RegNeg). Assignment of negative picture sets to LookNeg and 

RegNeg condition was alternated between subjects. 

3.7.1.2 Emotion Regulation Questionnaire 

Participants rated the frequency of the use of the following emotion regulation strategies (in %) 

directly after they completed the emotion regulation task: 1. Reappraisal, 2. Distancing, 3. Dis-

traction, 4. Relaxation, 5. Mindfulness, 6. Attentional deployment, 7. Other strategies. Percent-

ages were then ranked within each participant from 1 (mostly used) to 7 (least used).  

3.7.2 Supplementary Results 

3.7.2.1 Emotion Regulation Questionnaire 

 
Figure 3.3. Number of participants reporting to use a strategy most often (1) to least often (7)  

during the regulation task. 
 

In line with instructions, subjects reported that they had dominantly used reappraisal to regulate 

emotions during the experiment (see Figure 3.3). 
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3.7.2.2 Post-hoc Success Ratings 

Table 3.1 

Descriptive statistics of post-hoc success ratings. 
Success ratings N Min. Max. M SD Skewness Kurtosis 

      M SE M SE 

How much have you tried to reduce your 

negative feelings? 

47 1.00 9.00 7.45 1.73 -2.05 0.35 5.03 0.68 

How difficult was it to reduce your nega-

tive feelings? 

47 1.00 9.00 4.02 1.74 0.64 0.35 0.00 0.68 

How well did you succeed in realizing the 

goal expressed in the reappraisal instruc-

tion? 

47 3.00 9.00 6.30 1.59 -0.45 0.35 -5.55 0.68 

Note. SD = standard deviation; SE = standard error. 

3.7.2.3 CERQ Subscales 

Table 3.2 

Descriptive statistics of CERQ subscales. 
CERQ subscale N Min. Max. M SD Skewness Kurtosis 

     M SE M SE 

Self-blame 47 5.00 17.00 12.19 2.46 -0.09 0.35 0.55 0.68 

Acceptance 47 6.00 19.00 13.60 2.86 -0.51 0.35 0.03 0.68 

Rumination 47 4.00 17.00 10.26 2.89 0.22 0.35 -0.00 0.68 

Refocusing 47 7.00 18.00 12.96 2.65 -0.35 0.35 -0.53 0.68 

Planning 47 7.00 20.00 13.23 3.02 -0.23 0.35 -0.20 0.68 

Reappraisal 47 4.00 20.00 11.89 2.72 -0.07 0.35 1.56 0.68 

Putting into perspective 47 4.00 14.00 9.15 2.17 -0.31 0.35 0.60 0.68 

Catastrophizing 47 4.00 13.00 7.30 2.20 0.36 0.35 -0.35 0.68 

Other blame 47 5.00 15.00 9.55 2.39 0.15 0.35 -0.56 0.68 

Note. SD = standard deviation; SE = standard error.
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4 STUDY III: IMPROVED EMOTION REGULATION AFTER NEU-

ROFEEDBACK: A SINGLE-ARM TRIAL IN PATIENTS WITH BOR-

DERLINE PERSONALITY DISORDER 

An adapted version of this chapter has been published as ‘Zaehringer, J., Ende, G., Santangelo, 

P., Kleindienst, N., Ruf, M., Bertsch, K., Bohus, M., Schmahl, C. & Paret, C. (2019). Improved 

emotion regulation after neurofeedback: A single-arm trial in patients with borderline person-

ality disorder. NeuroImage Clinical, 24:102032. doi:10.1016/j.nicl.2019.102032‘ 

 

4.1 Abstract 

Real-time functional magnetic resonance imaging (fMRI) neurofeedback training of amygdala 

hemodynamic activity directly targets a neurobiological mechanism, which contributes to emo-

tion regulation problems in borderline personality disorder (BPD). However, it remains un-

known which outcome measures can assess changes in emotion regulation and affective insta-

bility, associated with amygdala downregulation in a clinical trial. The current study directly 

addresses this question. Twenty-four female patients with a DSM-IV BPD diagnosis underwent 

four runs of amygdala neurofeedback. Before and after the training, as well as at a six-weeks 

follow-up assessment, participants completed measures of emotion dysregulation and affective 

instability at diverse levels of analysis (verbal report, clinical interview, ecological momentary 

assessment, emotion-modulated startle, heart rate variability, and fMRI). Participants were able 

to downregulate their amygdala blood oxygen-dependent (BOLD) response with neurofeed-

back. There was a decrease of BPD symptoms as assessed with the Zanarini rating scale for 

BPD (ZAN-BPD) and a decrease in emotion-modulated startle to negative pictures after train-

ing. Further explorative analyses suggest that patients indicated less affective instability, as seen 

by lower hour-to-hour variability in negative affect and inner tension in daily life. If replicated 

by an independent study, our results imply changes in emotion regulation and affective insta-

bility for several systems levels, including behavior and verbal report. Conclusions are limited 

due to the lack of a control group. A randomized controlled trial (RCT) will be needed to con-

firm effectiveness of the training. 
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4.2 Introduction 

Emotion dysregulation is considered a hallmark of borderline personality disorder (BPD) 

(Glenn & Klonsky, 2009; Sanislow et al., 2002; Schmahl et al., 2014), characterized by height-

ened reactivity to negative stimuli, with impairments in the implementation and maintenance 

of adaptive and appropriate emotion regulation strategies, as well as heightened experience of 

negative affect (Carpenter & Trull, 2013). On a neural level, a key feature of BPD is hyperac-

tivation of the amygdala in response to negative and neutral stimuli (Schulze et al., 2019), likely 

reflecting the emotion dysregulation observed in BPD patients (Schmahl et al., 2014).  

Current emotion regulation models implicate downregulation of the amygdala as a mechanism 

to control emotions in clinical contexts (Buhle et al., 2014; Etkin et al., 2015). A normalization 

of amygdala activation and improved emotion regulation were found during Dialectical Behav-

ior Therapy (DBT) in BPD patients, suggesting that amygdala response is an important indica-

tor of BPD remission (Goodman et al., 2014; Schmitt, Winter, Niedtfeld, Herpertz, & Schmahl, 

2016). However, it is not clear whether decreased amygdala response mediates BPD remission. 

Until recently, probing this has been virtually impossible, as techniques to tackle subcortical 

activation were limited to highly invasive deep-brain stimulation.  

With the emergence of real-time functional magnetic resonance imaging (fMRI), modulation 

of emotion brain circuitry became feasible (Linhartová et al., 2019). With feedback from brain 

activation in real-time, dubbed neurofeedback, healthy subjects (Brühl et al., 2014; Herwig et 

al., 2019; Keynan et al., 2016; Paret et al., 2014) and patients (Nicholson et al., 2017; Paret et 

al., 2016) were able to reduce their amygdala activation during real-time fMRI. The benefits of 

this new technique are two-fold: first, assessing behavioral sequels of neuromodulation provide 

a better understanding of mechanisms that contribute to reduced amygdala activation in BPD. 

Second, the potential to address dysregulated neurobiological mechanisms with neurofeedback 

could be used for BPD treatment. However, before addressing these goals, primary outcome 

measures for clinical trials must be identified.  

Emotion dysregulation in BPD has been studied with a plethora of measures, such as emotional 

picture-viewing tasks (Krause-Utz et al., 2012), clinical interviews (Zanarini et al., 2003), ret-

rospective questionnaires (Glenn & Klonsky, 2009; Gratz, Rosenthal, Tull, Lejuez, & 

Gunderson, 2006; Salsman & Linehan, 2012) and affective variability in ecological momentary 

assessment (EMA; Ebner-Priemer et al., 2007; Nica & Links, 2009; Santangelo et al., 2017). 

In addition, psychophysiological indices such as resting heart rate variability (HRV) and startle 

modulation have been used to study emotion dysregulation in BPD (Ebner-Priemer et al., 2005; 

Thompson et al., 2018). BPD patients show lower resting HRV than controls (Koenig, Kemp, 
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Feeling, Thayer, & Kaess, 2016), which is indicative of less regulation ability (Appelhans & 

Luecken, 2006). Cognitive emotion regulation diminishes emotion-modulated startle in healthy 

individuals (Jackson et al., 2000; Zaehringer et al., 2018) and BPD patients (Thompson et al., 

2018), as this downregulation correlates with downregulation of affective states (Zaehringer et 

al., 2018). Similarly, studies report associations of amygdala hyperactivation and BPD diagno-

sis (Schulze et al., 2019), outlining a pathway of amygdala regulation via self-injury (Reitz et 

al., 2015), and reporting a coincidence of amygdala normalization with response to psychother-

apy (Goodman et al., 2014). Yet, little action has been shown to map amygdala hyperactivation 

with behavioral correlates of emotion dysregulation and affective instability. It is unknown 

what aspects of BPD symptomatology improve with normalization of amygdala activation. 

Thus, evidence is very limited, impeding informed selection of a primary outcome measure for 

clinical trials that assess amygdala neuromodulation. The present study addressed exactly this 

question, i.e., what aspects of emotion dysregulation improve following amygdala neurofeed-

back? Moreover, because dysfunction of emotion neurocircuitry manifests through dysregu-

lated behavior, including the verbal report of symptoms collected in standard psychometric as-

sessments (LeDoux & Pine, 2016), we used a multimodal assessment of psychopathology, ex-

plained below. BPD patients underwent four sessions of neurofeedback training and received a 

test battery directly before training, both after training and at 6-weeks follow-up. The test bat-

tery included a multimodal assessment of emotion regulation of self-report, EMA, behavioral, 

and fMRI measures. We hypothesized that BPD patients would downregulate the amygdala 

with neurofeedback. In addition, we hypothesized that BPD patients would show significant 

changes at several system levels, i.e., verbal report, everyday experience, and behavior and 

brain responses. Specifically, we hypothesized reductions in emotion dysregulation and im-

proved clinical symptoms, enhanced emotion regulation as shown by increased resting HRV, 

improved emotion regulation in an established laboratory task (Jackson et al., 2000), and de-

creased amygdala response to emotional pictures. In addition, we explored changes in everyday 

experience as well as changes in a number of aspects of emotion regulation and BPD psycho-

pathology.  

4.3 Methods 

4.3.1 Participants 

Twenty-six female patients with at least 5 BPD criteria, according to the DSM-V (American 

Psychiatric Association, 2013) participated in the present study. All participants were on stable 

medication (see Table 4.1 for details on medication) during the course of the study. In case 
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participants receiving psychotherapeutic treatment, they were required to maintain it through-

out the study. Two patients were excluded after completion (one patient reported amphetamine 

consumption during participation, and one patient fell asleep during the neurofeedback runs).  

The diagnostic assessment comprised the Structured Interview for DSM-IV Axis-I (SKID-I; 

First, Gibbon, & Spitzer, 1997) and the International Personality Disorder Examination (IPDE; 

Loranger, 1999). Patients were excluded from our study in cases of severe somatic illness and 

if exclusion criteria related to MRI were fulfilled (metal implants, left-handedness, claustro-

phobia, and pregnancy). Further exclusion criteria were alcohol or substance abuse within the 

last 6 months, lifetime psychotic disorder, bipolar affective disorder, or mental retardation.  

A total of n = 108 individuals were initially screened for our study. N = 77 had to be excluded 

because they did not fulfill our inclusion criteria, were not interested in the first place or were 

interested but ultimately did not participate. Thus n = 31 participants were allocated to our study 

and n = 26 of them received the full neurofeedback training. A detailed flow chart of the study 

is shown in Figure 4.9 in the supplement. 

Descriptive statistics of demographic variables are reported in Table 4.1. The study was ap-

proved by the Ethics Committee of the Medical Faculty Mannheim / Heidelberg University and 

was conducted according to the Declaration of Helsinki. All subjects gave written informed 

consent prior to participation and received financial compensation (120 Euros). The research 

protocol was registered on ClinicalTrials.gov (NCT02866110) and the Deutsches Register für 

Klinische Studien (drks.de; DRKS00009363).  

4.3.2 Procedure 

Participants took part in four runs of amygdala neurofeedback training. Runs were administered 

on 3 different days, with run 2 and 3 being administered consecutively on the second training 

day. Training days were scheduled 2-7 days apart from each other. At baseline (T0) and after 

completion of amygdala neurofeedback training (T1), the test battery was administered. All 

measures except EMA were assessed again at 6-weeks follow-up (T2). For details of the pro-

cedure, see Figure 4.1. The consensus on the reporting and experimental design of clinical and 

cognitive-behavioral neurofeedback studies (CRED-nf checklist; Ros et al., 2019) can be found 

in the supplement on page 10. 
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Figure 4.1. Participants received a total of 4 runs of amygdala neurofeedback training (weeks 
2-3). Runs were administered on 3 different days, with run 2 and 3 being administered consec-
utively on the second training day. At baseline (T0), participants completed an emotion test 
battery: ecological momentary assessment (EMA) was assessed on 4 consecutive weekdays 
before neurofeedback started (week 1). At the beginning of week 2, the Zanarini Rating Inter-
view (ZAN-BPD), self-report questionnaires, heart rate variability (HRV), and an emotion reg-
ulation task with emotion-modulated startle (Startle) was administered. Participants also an-
swered an Emotional Working Memory Task (EWMT) and a Backward Masking Task (BMT) 
during fMRI, immediately before completion of the first neurofeedback session. From 2-7 days 
later, participants completed the next neurofeedback session (visit 2), followed by 2-7 days for 
their third and final session (visit 3). During these sessions, participants were instructed to 
downregulate a thermometer, with activity of the right amygdala, while watching aversive pic-
tures. Details of the neurofeedback procedure can be found in the supplement. Immediately 
after the last neurofeedback session (end of week 3), the test battery was administered a second 
time (T1). The follow-up visit (T2) was completed 6 weeks after visit 3, and was identical to 
T1, excluding EMA (week 8). 

4.3.3 Neurofeedback 

4.3.3.1 Procedure 

Subjects were instructed to look at negative pictures (without feedback, ‘view’ condition), or 

downregulate a colored thermometer bar, representing brain activation while watching negative 

pictures (‘down’ condition), respectively. Participants were not given a particular strategy to 

downregulate. Rather, they were told to assess what strategy worked best for them. In the ‘view’ 

condition, a picture with negative emotional content was presented for 18 seconds, followed by 

a fixation cross on a grey background (‘rest,’ 12 seconds). In the ‘down’ condition, pictures 

were presented with feedback. After each neurofeedback session, participants were asked which 

strategies they used to downregulate (s. supplement for details). For details, see Figure 4.2. 

Three participants had to be excluded from the statistical analysis due to technical problems in 

session 2 and 4 (logfiles were not available). 
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Figure 4.2. Experimental procedure of a neurofeedback training run. Participants viewed aver-
sive pictures, with a feedback signal from their amygdala BOLD response, which is depicted 
as a thermometer. They were instructed to try to downregulate the temperature, representing 
their brain activation. They were also told to consider the temporal delay of the BOLD response, 
resulting in a time lag of the thermometer response (2-5 seconds). Furthermore, they should not 
close their eyes or shift their gaze from the screen and avoid focusing exclusively on the ther-
mometer or borders of the picture. They should not hold their breath or move their heads. After 
participants entered the scanner, anatomical and fieldmap scans were acquired. Before the first 
neurofeedback run, a demonstration trial was presented without fMRI scanning. Subjects were 
instructed beforehand to look at the picture (without feedback), or to downregulate the ther-
mometer signal. The neurofeedback consisted of ‘down’ and ‘view’ conditions, respectively. 
In the ‘view’ condition, a picture with negative emotional content was shown for 18 s, followed 
by a fixation cross on a grey background (‘rest,’ 12 seconds). In the ‘down’ condition, pictures 
were presented with feedback. Six pictures were presented in a ‘down’ block, each for 18 sec-
onds (108 seconds total). The order of conditions was fixed, with alternating ‘view’ and ‘down’ 
blocks. In total, there were 5 ‘down’ blocks and five ‘view’ blocks. After the last block, partic-
ipants were instructed to rate their perceived regulation success (‘Were you able to regulate the 
display?’) on a 10-level visual analogue scale (results can be found in the supplement).  

4.3.3.2  Online fMRI Data Analysis 

The neurofeedback signal was computed as the fMRI percent of signal change, relative to the 

global mean, and updated every second and displayed as a colored bar. The BOLD signal data 

were calculated online from voxels within a right amygdala mask, produced with the Harvard-

Oxford brain atlas with a probability threshold of 25%. Details of fMRI acquisition, real-time 

fMRI analysis, and feedback presentation are in the supplement, and were published by Paret 

et al. (2018).  
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4.3.4 Assessments 

4.3.4.1 Verbal Report: Interviewer- and Self-Assessment 

Self-assessment included several questionnaires on different aspects of BPD psychopathology 

and emotion regulation.  

To test our hypothesis on changes in emotion dysregulation, we used the difficulties with the 

Emotion Regulation Scale (DERS; Gratz & Roemer, 2004), a 36-item questionnaire that as-

sesses levels of emotion regulation problems. The DERS is comprised of six subscales (nonac-

ceptance of emotional response difficulties in engaging in goal-directed behavior, impulse con-

trol difficulties, lack of emotional awareness, limited access to emotion regulation strategies, 

and lack of emotional clarity). The DERS was found to have adequate construct and predictive 

validity and good test-retest reliability over a period of 4-8 weeks (ρI = .88; Gratz & Roemer, 

2004).  

To test our hypothesis on changes in clinical status, we assessed the Zanarini rating scale for 

BPD (ZAN-BPD; Zanarini et al., 2003). The ZAN-BPD is a semi-structured interview and re-

flects a 1-week time frame. The nine criteria for BPD were rated on a five-point anchored rating 

scale of 0-4 by trained psychologists (JZ, CP, SM), yielding a total score between 0-36. The 

ZAN-BPD demonstrates good reliability (Cronbach’s a= 0.85), with convergent and discrimi-

nant validity (Zanarini et al., 2003). One participant was excluded for the statistical analysis of 

the ZAN-BPD, because she did not do the interview at T2. 

In addition to these two measures, we assessed several other questionnaires which were used 

for explorative analyses: The German version of the Emotion Regulation Skills Questionnaire 

(SEK-27; Berking & Znoj, 2008; Grant, Salsman, & Berking, 2018) was used to assess emotion 

regulation skills.  The SEK-27 is a 27-item self-report instrument that utilizes a 5-point Likert-

type scale (0 = not at all to 4 = almost always) to assess the respondent's adaptive emotion 

regulation skills the previous week. The SEK-27 comprises six subscales: (1) awareness, (2) 

clarity, (3) understanding, (4) modification, (5) acceptance, and (6) tolerance. In addition to the 

subscales, the SEK-27 provides a total score, computed as the average of all items. The SEK-

27 showed adequate internal consistency (Cronbach's a= .90 for the total score, and .68-.81 for 

subscales), as well as adequate test-retest reliability (r = .75 for total score). The Affective La-

bility Scale (ALS; Harvey, Greenberg, & Serper, 1989), a 54-item self-report scale, was used 

to measure changeable affect. ALS items assessed subjects’ perception of their tendency to vary 

between what they considered a normal mood versus those of anger (ANG), depression (DEP), 

elation (ELA), and anxiety (ANX), with a tendency to oscillate between depression and elation 
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(BIP), or between states of anxiety and depression (ANXDEP). Each item was rated on a four-

point scale (scored 0–3 inclusive) from ‘‘very undescriptive’’ to ‘‘very descriptive’’ of them-

selves. The ALS total is the mean of six subscales for individual affect shifts, and showed good 

internal consistency (among subscales, alpha range = .76–.86). The Toronto Alexithymia Scale 

(TAS-26; Bagby, Parker, & Taylor, 1994), a 26-item scale, was used to measure alexithymia in 

three dimensions: difficulty identifying feelings, difficulty-describing feelings, and externally-

oriented thinking. The TAS-26 displays adequate reliability, ranging from r = .67 to r = .84. 

We further used the Dissociation Tension Scale (DSS; Stiglmayr, Schmahl, Bremner, Bohus, 

& Ebner-Priemer, 2009) to assess dissociative symptoms, with the short version of the UPPS 

Impulsive Behavior Scale (Cyders, Littlefield, Coffey, & Karyadi, 2014) to control baseline 

impulsivity.  

4.3.4.2 Everyday Experience: EMA 

To measure affective instability and emotion regulation during participants’ everyday lives, we 

used a smartphone programmed with the movisensXS app (Movisens GmbH, Karlsruhe, Ger-

many) as an electronic diary. The e-diary emitted a prompting signal according to a stratified 

random schedule, with 12 assessments per day between 9:00 a.m. and 10:00 p.m. on four con-

secutive workdays. Thus, the 13-hour assessment period of each day was divided into 12 inter-

vals, with assessments scheduled at random within each one. At each prompt, we assessed par-

ticipants’ current affective state using five questions about positive affect (PA) and five ques-

tions about negative affect (NA), based on the affective circumplex model (Russell, 1980). To 

assess participants’ current dissociative state, we used the DSS-4, including an item asking 

about aversive tension (5 items; Stiglmayr et al., 2009). We also assessed participants’ per-

ceived control over their emotions with two items (“When the phone rang, I felt like I could 

control my feelings” and “When the phone rang, I felt overwhelmed by my feelings”). The 

wording of all items can be found in the supplement. We determined the person-mean of the 

repeated assessments, as well as the mean squared for successive differences (MSSD) as an 

established instability index for each person and for both assessment periods (i.e., for both the 

pre- (T0) and post-(T1) neurofeedback training EMA assessment). 
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Figure 4.3. A) Experimental procedure of the emotion regulation task. Participants were in-
structed either to view negative and neutral pictures without modifying their emotions (‘view’; 
‘neutral’ condition, respectively) or to downregulate their feelings toward negative pictures 
(‘down’ condition). Each trial began with a 2,000 milliseconds presentation of an instructional 
cue (‘view’, ‘down’), followed by a fixation cross displayed for 1,000 milliseconds. Next, a 
neutral or negative picture was presented for 10,000 milliseconds. A startle probe (50 millisec-
onds s, 95 dB white noise burst) was presented through headphones at 6,500 milliseconds –
9,500 milliseconds into the regulation phase). Self-assessment Manikins (SAM Ratings; Brad-
ley & Lang, 1994) were presented after presentation of each picture. Participants rated a 1-9 
Likert scale on how positive / negative and aroused / calm they felt at that moment. Lower 
scores on the valence scale indicated that they felt more positive; lower scores on the arousal 
scale indicated that they felt calmer. Intertrial intervals were jittered between 3,500 and 5,500 
milliseconds. Details about stimuli and the procedure can be found in the supplement. B) Ex-
perimental procedure of the Emotional Working Memory Task (EWMT), which is an adapted 
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Sternberg item recognition task (Sternberg, 1966) modified by Oei and colleagues (Krause-Utz 
et al., 2012; Oei et al., 2012). Each trial started with the presentation of a set of three letters 
(memoranda, 875–1,375 milliseconds). After a delay phase of 1,250 –1,750 milliseconds, an-
other set of three letters appeared on the screen (probe, 2,000 milliseconds). Next, a blank 
screen appeared (intertrial interval, 550–1,050 milliseconds). Participants had to press the left 
or right button to indicate whether they recognized one of the memoranda-letters in the probe. 
In half of the trials, one of three memoranda was present. During the delay interval, no distractor 
(i.e., a fixation cross; ‘cross’ condition) or a distractor (i.e., an aversive picture; ’negative’ con-
dition) was presented. Details of stimuli and the procedure can be found in the supplement. C) 
Experimental Procedure of the Backward Masking Task (BMT). Participants were instructed 
to identify photographs of faces expressing happy or fearful facial expressions. The BMT had 
a total of four conditions: happy or fearful facial expressions presented for 33 milliseconds or 
83 milliseconds. A total of 4 blocks per condition were presented. Each block consisted of 8 
consecutive pictures. Each block began with a fixation cross. Next, eight faces were shown for 
33 milliseconds or 83 milliseconds, preceded by a red rectangle on a grey background for 5,100 
milliseconds and followed by a mask (scrambled face) for 4,100 milliseconds. Details of the 
stimuli, procedure, and behavioral results are in the supplement.  

4.3.4.3 Behavior and Peripheral Physiology: Emotion Regulation Test, Resting HRV 

To test changes in emotion regulation, we assessed the emotion-modulated startle during an 

emotion regulation paradigm, modified from Jackson et al. (2000). For details of the procedure, 

see Figure 4.3A. In brief, participants were instructed to view negative or neutral pictures 

(‘view,’ ‘neutral’ condition) or to downregulate emotions in response to negative pictures 

(‘down’ condition). Seven seconds into the regulation phase, a burst of white noise was pre-

sented for 50 milliseconds at 104 dB10 (startle probe). The eye blink was measured by electro-

myogram (EMG). The raw EMG signal was sampled at 1,000 Hz, and the gain was amplified 

by 2,000. High-pass (50 Hz) and low-pass (500 Hz) online filters were applied to the data with 

AcqKnowledge software (version 3.4; BIOPAC Systems; Goleta, CA, USA). EMG data were 

integrated over 10 samples and analyzed offline with Clip, a C++ based, semi-automated pro-

gram (Kinzig et al., 2008). Emotion-modulated startle response was defined as the difference 

between peak (20–120 milliseconds after stimulus onset) and baseline (20 milliseconds prior to 

stimulus onset) signal. Amplitudes were transformed to T-scores with mean = 50 and SD = 10. 

Responses were averaged in participants for each condition. Emotion-modulated startle ampli-

tudes in the ‘neutral’ condition were subtracted from the ‘down’ and the ‘view’ conditions for 

statistical comparison. Four participants (n = 4) were excluded for statistical analysis of the 

 
10 104 dB startle probes elicited severe discomfort in two participants. Therefore, we turned down the volume to 

95 dB for them. We reran startle analyses without the two participants, without the results changing. Thus, we 

report data from all participants. 
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startle data due to technical problems at T0 or T1 (n = 2). One participant did not show a startle 

response at all and one participant did not complete the psychophysiological tests at T2. 

To test changes in resting HRV, we recorded the electrocardiogram (ECG) for 6 minutes at 

1,000 Hz, with a gain of 2,000. High-pass (50 Hz) and low-pass (500 Hz) online filters were 

applied to the data with AcqKnowledge software. Offline, ECG waveforms were transformed 

into the heart rate (beats per minute) and analyzed with Kubios software (Amsterdam, The 

Netherlands) (Tarvainen, Niskanen, Lipponen, Ranta-Aho, & Karjalainen, 2014).  Resting 

HRV was calculated as the ratio of low frequency (LF) power in the .04-0.15 Hz range and high 

frequency (HF) power in the 0.15 - 0.40 Hz range, indicative of sympathetic to parasympathetic 

autonomic balance (HF/LF). Three participants (n = 3) were excluded: two (n = 2) were ex-

cluded due to technical problems at T0 or T1, and one (n = 1) did not complete the psychophys-

iological tests at T2. 

4.3.4.4  Brain Responses 

To test changes in amygdala response during shortly presented pictures, we conducted the 

EWMT and the BMT in the fMRI. Details of these procedures can be found in Figure 4.3B and 

C. Three participants (n = 3) were excluded for the statistical analysis of the EWMT, due to 

missing button presses all three times (n = 2), and technical problems at T1 (n = 1; logfile not 

available). One participant was excluded for the statistical analysis of the BMT due to technical 

problems at T1 (logfile not available).  

4.3.5 Offline Data Analysis 

4.3.5.1 Neurofeedback Data 

4.3.5.1.1 Preprocessing 

Data analysis was performed with Matlab (vR2012a)-based SPM12 package (v6225, Wellcome 

Trust Center for Neuroimaging, London, UK). Preprocessing included slice timing, which was 

corrected with reference to the middle slice of a volume, realignment of the scans to the first 

scan of the series, with rigid body transformation and correction of geometric distortions using 

a voxel displacement map (VDM); this was produced based on fieldmap scans. The functional 

scans were not warped, given the VDM parameters and corrected for susceptibility-by-move-

ment artifacts (Andersson, Hutton, Ashburner, Turner, & Friston, 2001). A mean image of the 

functional scans was next computed and coregistered to the anatomical scan of the subject; this 

scan was segmented with six standard SPM tissue probability maps and normalized to MNI 
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space. These parameters were used for normalization of functional images. Images were 

resampled to 2 mm isometric voxels. Functional data were smoothed using an 8 mm kernel (full 

width at half maximum, FWHM) to account for between-subject variation in anatomical local-

ization. Finally, a high-pass filter (256 seconds cut-off) was added to the general linear model 

(GLM) to remove slow signal drifts. An autoregressive model was used to account for serial 

correlations.  

4.3.5.1.2 Amygdala Region-of-Interest (ROI) Analysis 

We estimated HRFs using the inverse logit model by Lindquist, Loh, Atlas, and Wager (2009) 

to investigate the hemodynamic amygdala response. First, the eigenvariate was extracted from 

voxels corresponding to the right amygdala, with the same mask being used for neurofeedback. 

The eigenvariate was also adjusted for condition effects (‘down’ and ‘view’). HRFs were fitted 

to each picture presentation interval. The HRF amplitude represents the magnitude of the event-

related BOLD response. In addition, we analyzed the area under the curve (AUC). Amplitude 

estimates and AUC values were compared with SPSS statistics software (v23, IBM Corp. Ar-

monk, NY, USA).  

4.3.5.1.3 Amygdala Downregulation Success 

We quantified down-regulation success by creating two different indices: First deltas of amyg-

dala amplitudes/AUCs (‘view’ minus ‘down’) between the first and last neurofeedback run 

were created.  However, as this index assumes linear improvement and may misrepresent actual 

learning slopes, we complemented this by calculating the best performance (Paret et al., 2019) 

of each participant. That is, we determined the largest delta between the ‘view’ and ‘down’ 

condition for each participant across all four neurofeedback runs. 

4.3.5.2 EWMT and BMT 

4.3.5.2.1 fMRI Acquisition and Analysis 

For fMRI acquisition, a 3 Tesla MRI Scanner (Trio, Siemens Medical Solutions, Erlangen, 

Germany) with a 32-channel head coil was used. T1-weighted anatomical images were acquired 

with a Magnetization Prepared Rapid Acquisition Gradient Echo sequence (TE =3.03 millisec-

onds, TR=2.3 seconds, 192 slices and FOV= 256 x 256 mm). Functional images of both EWMT 

and BMT tasks were acquired with a gradient echo T2* weighted echo-planar-imaging (EPI) 

sequence with a field of view = 210 mm x 210 mm, voxel size = 3 mm x 3 mm x 3 mm, echo 

time = 30 milliseconds, TR = 2000 milliseconds with 40 contiguous 3 mm sagittal slices in a 

64 x 64 matrix. Head movement artifacts and scanning noise were reduced with head cushions 
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and headphones in the scanner coil.  Preprocessing was comprised of adjusting for variable 

acquisition time over slices (slice-timing), head motion correction (realignment), normalization 

of images into a standard three-dimensional space defined by the Montreal Neurological Insti-

tute (MNI), and spatial smoothing using an 8 mm Gaussian kernel to increase signal-to-noise 

ratio.  

4.3.5.2.2 First-Level Analysis 

For the EWMT, we modeled regressors for the memoranda, probe and response phase, respec-

tively. In addition, each condition was modeled (negative, cross). Parameter estimates from the 

contrast of interest (negative > cross) were entered into group-level t-tests. For the BMT, we 

modeled regressors for each condition (happy faces 33 milliseconds, happy faces 83 millisec-

onds, fearful faces 33 milliseconds, and fearful faces 83 milliseconds). All regressors were con-

volved with the HRF implemented in SPM12. Parameter estimates from the contrast of interest 

(all conditions versus implicit baseline) were entered into group-level t-tests. To test our hy-

potheses, voxel-wise t-tests of parameter estimates for the EWMT contrast negative > cross, 

and the BMT contrast (all conditions versus implicit baseline) were conducted on the first level. 

The mean contrast value was then extracted from all voxels of the right amygdala, based on the 

neurofeedback mask. 

4.3.6 Statistical Analysis of Assessments 

Validated statistical software (SPSS v25; IBM Inc., Armonk, NY, USA) was used for analyses. 

Missing variables were estimated from available items, based on a Stochastic Regression Im-

putation (SRI) approach, which improves deterministic regression imputation by imputing a 

value which includes a random error (van Ginkel, Sijtsma, van der Ark, & Vermunt, 2010), 

hereby avoiding both bias and overfitting (Enders, 2006). For missing self-report items, the 

regression model underlying SRI was based on all other items from the questionnaire (within 

the same assessment). For missing neurofeedback, ZAN-BPD, psychophysiological infor-

mation, EWMT, and BMT variables, the regression model underlying SRI was based on all 

other conditions available across assessments. We used the stochastic regression imputation 

SPSS syntax provided by van Ginkel et al. (2010). All variables (including original and imputed 

data) were entered into repeated-measures: ANOVA with time (T0, T1, and T2) and condition 

(if available) as within-subject factors (*p < .05). If Mauchly’s sphericity test was significant, 

Greenhouse-Geisser correction was applied to the degrees of freedom.  

To limit the risk of false positive results, results from original data are reported in case they 

differed from results with imputed data. If results from original data do not differ from those 
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with imputed data, the original data without imputation are not reported. We repeated analyses 

on measures with a-priori hypotheses (i.e. our primary endpoints: ZAN-BPD and DERS total 

score, emotion-modulated startle, resting HRV and amygdala reactivity to BMT and EWMT) 

with a conservative correction for multiple tests (i.e. Bonferroni-correction). 

In addition, we ran correlation analyses between amygdala down-regulation (deltas of amyg-

dala amplitudes/AUCs subtracting the ‘down’ from the ‘view’ condition) and primary end-

points (i.e. emotion-modulated startle [‘view’ minus ‘down’], resting HRV, amygdala activity 

to the EWMT [negative > cross contrast]  and BMT [all conditions versus implicit baseline], 

ZAN-BPD total score and DERS total score at T0 and T1, respectively). We also ran correla-

tions between down-regulation success indices (deltas of amygdala down-regulation [run 1 mi-

nus run 4], best performance) and changes in emotion-modulated startle, resting HRV, amyg-

dala activity to the EWMT and BMT, ZAN-BPD total score and DERS total score using Pear-

son’s r correlation coefficient. Changes in amygdala reactivity during the EWMT (negative > 

cross contrast) and BMT (all conditions versus implicit baseline), emotion-modulated startle 

(‘view’ minus ‘down’), resting HRV, ZAN-BPD total score and DERS total scores were calcu-

lated by subtracting means at T1 from T0. Correlation analyses were limited to our primary 

endpoints. We did not run correlations with the remaining outcome measures to avoid an in-

crease in chances of false discovery due to multiple testing. 

4.4 Results 

4.4.1 Amygdala Downregulation Success 

Participants downregulated the amygdala BOLD amplitude, F(1,23) = 9.40, p = .01, eta2 = .30. 

This effect was driven by a significant difference between ‘down’ and ‘view’ at the fourth 

training run, t(23) = -2.51, p = .02, d = -0.51 - whereas at the first, t(23) = -.51, p = .61, second, 

t(23) = -.77, p = .45, and third, t(23) = -1.71, p = .10, training run, amygdala BOLD amplitude 

did not significantly differ between ‘down’ and ‘view’ conditions (see Figure 4.4.A). Interac-

tion between condition and run was not significant, F(3,69) = .43, p = .73, eta2 = .02, showing 

that the observed improvement of amygdala downregulation over time did not pass the signifi-

cance level. 

Statistical analysis did not support the trend for improvement via training. Similar results were 

seen for the amygdala AUC: participants could downregulate the amygdala AUC, F(1,23) = 

13.30, p < .01, eta2 = .37, yet this effect was driven by a significant difference between ‘down’ 

and ‘view’ at the second, t(23) = 2.48, p = .02, d = .50, and fourth training run, t(23) = -2.76, p 

= .01, d = -0.56. In the first, t(23) = -.97, p = .34 and third, t(23) = -1.38, p = .18 training run, 
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amygdala AUC did not significantly differ between ’down’ and ‘view’ conditions (see Figure 

4.4.B). Interaction between condition and run was not significant, F(3,69) = .67, p = .57, eta2 = 

.03.  

From the amygdala AUC and amplitudes (delta between ‘view’ and ‘down’) we determined the 

best run (i.e. largest delta) for each participant. When considering the AUC, 6-8 participants 

each showed best performance during run 2-4, respectively, whereas only two participants 

showed best performance at the first run (see Figure 4.11). When considering the amygdala 

amplitude, best performance was more equally distributed across runs. 

4.4.2 Verbal Report 

The main effect of time of the ZAN-BPD total score revealed that overall BPD symptoms less-

ened over time, F(2, 46) = 5.13, p = .010 (uncorrected11), eta2 = .18. Post hoc paired t-tests 

showed a significant reduction from T0 to T1, t(23) = 3.17, p = .004, d = .65,  no significant 

change from T1 to T2, t(23) = -.62, p = .54, d = -.13, and a significant reduction from T0 to T2, 

t(23) = 2.22, p = .036, d = .45 (see Figure 4.5A). A main effect of time of the DERS total score 

indicated how difficulties with emotion regulation did change over time, F(2,46) = 3.78, p = 

.03 (uncorrected2), eta2 = .14 (see Figure 4.5B). Post hoc paired t-tests showed a significant 

reduction from T1 to T2, t(23) = 2.42, p = .025, d = .49 and from T0 to T2, t(23) = -2.40, p = 

.024, d = .49. Original data without imputation revealed nonsignificant main effect of time of 

the DERS total score, F(2,40) = 2.48, p = .10, eta2 = .11. 

Explorative analyses showed a significant main effect of time for the SEK total score, F(2,46) 

=  5.90, p = .01, eta2= .20, indicating change of emotional competence over time (see Figure 

4.5C). Post hoc paired t-tests revealed that emotion regulation skills and their efficacy signifi-

cantly increased from T1 to T2, t(23) = -2.71, p = .01, d = -.55, and significantly increased from 

T0 to T2, t(23) = -2.73, p = .01, d = -.56. Overall alexithymia symptoms did not significantly 

change over time, as indicated by the TAS-26 total score, F(1.36, 31.22) = 2.76, p = .10, eta2 = 

.10 (see Figure 4.5D). The subscales ‘Difficulty describing feelings’ and ‘External thinking’ 

did not significantly change, whereas ‘Identification of one’s feelings’ did significantly change 

over time, F(2,46) = 6.25, p < .01, eta2 = .21 (see Table 4.1). No significant main effect of time 

was found for the total score of the ALS and the DSS-21 (see Table 4.1).   

 

 
11 no correction for multiple testing was applied. 
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Figure 4.4. Amygdala amplitude and AUC in the ‘down’ and ‘view’ conditions at each neu-
rofeedback session. A) Participants significantly downregulated the amygdala amplitude with 
neurofeedback comparing the ‘down’ with the ‘view’ condition at run 4. B) participants signif-
icantly downregulated the amygdala AUC at run 2 and run 4. Error bars represent standard error 
of the mean (SEM). AUC = area under the curve.  
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TAS total score, F(2,36) = 5.33, p = .01, eta2 = .27. Post hoc paired t-test of original TAS total 

scores revealed a significant reduction from T1 to T2, t(18) = 2.78, p = .01 and from T1 to T2, 

t(18) = 2.56, p = .02. Results of the original TAS subscales can be found in the supplement.  

To follow a conservative approach, we further discuss and interpret the original instead of the 

imputed data in case they differ from the imputed data. A detailed perspective of interviewer- 

and self-assessment results at T0, T1, and T2 can be found in Table 4.1. 

4.4.3 Everyday Experience: EMA 

Explorative paired t-tests contrasting T0 and T1 revealed a significant reduction of mean neg-

ative affect (NA), t(23) = 3.46, p < .01, d = .70, a significant reduction of mean inner tension, 

t(23) = 3.27, p < .01, d = .67 , a nonsignificant reduction of  mean dissociative symptoms, t(23) 

= 1.85, p = .08, d = .38, and a significant increase of mean emotion regulation control, t(23) = 

-2.07, p = .05, d = -.42 (see Figure 4.6.A). No significant effects were found for mean positive 

affect (PA), t(23) = 1.28, p = .21, d = .26. Paired t-tests of the MSSDs revealed a significant 

reduction of instability in PA, t(23) = 2.30, p = .03, d = .47, NA, t(23) = 2.73, p = .01, d = .56, 

and inner tension, t(23) = 3.41, p < .01, d = .18 (see Figure 4.6.B). No significant effects were 

found for the instability of dissociative symptomatology, t(23) = 1.71, p = .10, d = .35. Adher-

ence to prompts was 69.21% (SD =18.18) at T0 and 63.87% (SD = 17.34) at T1, which is 

satisfactory. There was no significant difference in adherence between T0 and T1, t(23) = .16, 

p = .12. 

4.4.4 Behavior: Emotion Regulation Test and Resting HRV 

As hypothesized, patients could downregulate negative emotions more effectively after train-

ing, indexed by a significant decrease of the emotion-modulated startle in the ‘down’ compared 

to the ‘view’ condition after training, F(2,46) = 4.23, p = .02, eta2 = .16 (uncorrected). There 

was no significant main effect of time, F(2,46) = .90, p = .42 and condition, F(1,23) = .39, p = 

.54. The interaction was due to a significant difference between the ‘down’-‘neutral’ and the 

‘view’-‘neutral’ condition at T1, t(23) = -2.15, p = .04, d = -.44. In T0 and T2, in contrast, 

patients did not significantly decrease startle in the ‘down’-‘neutral’ vs ‘view’- ‘neutral’ com-

parison (see Figure 4.7A). Results from original data revealed similar results, except for the 

post hoc paired t-tests of original emotion-modulated startle data: Emotion-modulated startle 

was lower in the ‘down’ than the ‘view’ condition at T1, but this effect was only at the trend-

level, t(17) = -2.01, p = .06, d = -.47.  
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Figure 4.5. Diagnostic interview and self-assessment results at T0, T1, and T2. A) BPD psy-
chopathology significantly (p < .05, uncorrected) improved from T0-T1 and from T0-T2. B) 
Difficulties with the Emotion regulation Scale (DERS) total score significantly3 reduced from 
T1-T2 and from T0-T2, indicating that difficulties in emotion regulation decreased over time. 
C) Self-assessment of the emotional competencies (Selbsteinschaetzung Emotionaler Kompe-
tenzen, SEK) total score significantly increased from T1-T2 and from T0-T2, showing an in-
crease in emotional competence over time. D) A trend in reduction of alexithymia was observed 
but did not pass the significance test. Error bars represent standard error of the mean (SEM).  
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Figure 4.6. Ecological Momentary Assessment (EMA) data were assessed before (T0) and after 
(T1) neurofeedback training. A) Mean negative affect (NA) and inner tension significantly de-
creased, and perceived control over one’s own emotions increased from T0-T1. Perceived con-
trol over one’s own emotions was assessed with two items: asking how much participants felt 
they can control / cannot control their emotions now (see supplement for exact wording). Mean 
dissociation and positive affect (PA) did not significantly change from T0-T1. B) Mean squared 
successive differences (MSSD; i.e., hour-to-hour variability) of PA, NA, and inner tension sig-
nificantly decreased from T0-T1, while the hour-to-hour variability of dissociation and per-
ceived control over one’s own emotions did not significantly change from T0-T1. Error bars 
represent standard error of the mean (SEM). 
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Figure 4.7. A) Mean startle amplitudes in the ‘down’ and ‘view’ condition at each assessment 
(T0, T1, and T2). Mean amplitudes represent the T-score converted to difference scores (‘down’ 
minus ‘neutral’ and ‘view’ minus ‘neutral’). Results indicate a significant reduction of emotion-
modulated startle amplitude in the ‘down’ versus ‘view’ condition at T1, but not at T0 or T2. 
B) Resting HRV did not significantly change over the course of the study. Error bars represent 
standard error of the mean (SEM). 
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4.4.5 Brain Responses: EWMT and BMT 

EWMT accuracy was not significantly different between conditions and did not improve, all ps 

> .10. EWMT reaction times were significantly increased in the ‘negative’ versus ‘cross’ con-

dition, F(2,46) = 3.66, p = .03, eta2 = .14, but did not change over time, as corroborated by a 

nonsignificant interaction of time and condition, p > .10. Contrary to our hypothesis, amygdala 

reactivity did not change over EWMT sessions, indicated by a nonsignificant interaction effect, 

F(2,46) = .87, p = .43. eta2 = .04 (see Figure 4.8A).  

Regarding the BMT, amygdala activity to quickly-presented happy and fearful faces did not 

significantly change after neurofeedback, although a decreasing trend could be observed, 

F(2,46) = 2.74, p = .08, eta2 = 0.11 (see Figure 4.8B). 

 

 

 
Figure 4.8. A) Right amygdala hemodynamic response during the Emotional Working Memory 
Task (EWMT) for each visit (T0, T1, T2). Amygdala hemodynamic response was assessed 
using fMRI during exposure to negative pictures, versus pictures depicting a fixation cross 
(negative > cross). B) Right amygdala hemodynamic response during the Backward Masking 
Task (BMT) for each visit (T0, T1, and T2). Amygdala hemodynamic response was assessed 
using fMRI during exposure to fearful and happy faces. Error bars indicate standard error of 
the mean (SEM).   
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4.4.7 Correlations between Neurofeedback Success and Outcome Measures 

There were no significant correlations between amygdala down-regulation at run 4 and any of 

the primary endpoints (see Table 4.5). Amygdala amplitude down-regulation at run 1 correlated 

significantly and positively with resting HRV at T0 (r = .51, p = .01, N = 24; not significant 

with Bonferroni-correction), and significantly and negatively with the ZAN-BPD total score at 

T0 (r = -.45, p = .03, N = 24; not significant with Bonferroni-correction). Changes in downreg-

ulation of amygdala amplitude and AUC during neurofeedback and changes in primary end-

points did not significantly correlate (see Table 4.5 for results). Similarly, there were no signif-

icant correlations between participants’ best performance and changes in measures with a-priori 

hypotheses. 

4.5 Discussion 

This is the first study assessing alterations in a variety of emotion processing and emotion reg-

ulation measures after amygdala neurofeedback training for BPD. This is an important step 

towards advancing neurobiological models and treatment for BPD, using endogenous neuro-

modulation with neurofeedback. Our results show that BPD patients were able to downregulate 

amygdala activation with neurofeedback. BPD psychopathology, emotion dysregulation, and 

affective instability improved at several levels of analysis, including self-report, startle modu-

lation, and experience in everyday life. With regard to our primary endpoints, effects failed to 

pass significance level when applying a conservative correction for multiple tests. Therefore, 

our results need to be treated as preliminary and should be replicated by an independent study. 

In line with our hypotheses, we observed changes in the ZAN-BPD interview, suggesting that 

subjectively-experienced BPD symptoms improved over the course of the study. These results 

are in accordance with other studies reporting associations of amygdala normalization and re-

ductions in BPD psychopathology, and are in harmony with the notion that amygdala response 

is a critical mechanism of remission with BPD (Goodman et al., 2014; Schnell & Herpertz, 

2007).  

In addition, the present results on our EMA analyses indicate that negative affect and affective 

instability experienced in daily life reduced over time as well. Affective instability in BPD is 

supposed to arise from high sensitivity of neural systems involved in the generation of an emo-

tional state, in combination with a severe emotion regulation deficit (Koenigsberg, 2010; 

Putnam & Silk, 2005). Increased amygdala activation has been interpreted as impairment in 

top-down control of the prefrontal cortex and may therefore contribute to affective instability 

(Dillon & Pizzagalli, 2007; Herpertz, Schneider, Schmahl, & Bertsch, 2018; Schulze et al., 



Study III: Improved emotion regulation after neurofeedback: A single-arm trial in patients with BPD 

 152 

2016). Amygdala neurofeedback training might be specifically suited to target the neural mech-

anisms of affective instability in precision psychiatry, although more research is needed for 

corroboration.  

On the physiological level, we found an improvement in emotion regulation after training, ev-

idenced by reduced startle-response, which suggests that participants improved their ability to 

regulate negative emotions. The neural pathway of the emotion-modulated startle involves mid-

brain neurons, mainly controlled by the central nucleus of the amygdala (Rosen, Hitchcock, 

Sananes, Miserendino, & Davis, 1991). Enhanced amygdala activation leads to enhanced startle 

response (Davis, Walker, & Lee, 1999; Rosen & Davis, 1988). Given the strong relation be-

tween emotional dysregulation, enhanced amygdala activation, and enhanced startle response, 

our results suggest that emotion-modulated startle is a sensitive measure for investigating ther-

apeutic effects of amygdala neuromodulation. Improvements in emotion regulation, assessed 

with the emotion-modulated startle, however, faded to the follow-up test; that is, some training 

effects did not persist for 6 weeks. Future studies must gain more stable effects, such as adding 

booster sessions or homework between sessions (Paret et al., 2019).  

Contrary to our hypotheses, we did not find significant changes at the brain level. That is, 

amygdala response to negative pictures and facial expressions did not significantly lessen after 

neurofeedback training. In addition, no significant changes in resting HRV were observed. A 

possible explanation could be that these tasks simply do not measure the mechanisms that are 

trained with neurofeedback. During the EWMT and BMT, participants viewed emotional pic-

tures, but were not explicitly told to regulate their emotions. Rather, these tasks measure the 

spontaneous response to negative stimuli. Likewise, resting HRV is a measure of autonomic 

flexibility representing the capacity for spontaneously regulated emotional responses 

(Appelhans & Luecken, 2006). In contrast, participants showed improvements in the emotion 

regulation test after training. The emotion regulation test explicitly instructed participants to 

downregulate negative emotions. In other words, our treatment might not alter the spontaneous 

response to negative emotions. Rather, participants might have acquired new or already-

strengthened existing emotion regulation skills.  

With respect to alexithymia, i.e. the difficulty to cognitively process emotions, our results sug-

gest a reduction in these symptoms after training. However, we highlight the explorative fash-

ion of this finding and we stress that only the original data showed significant reductions. None-

theless, our results are in line with a recent study showing that amygdala electrical fingerprint 

neurofeedback resulted in a larger reduction of alexithymia scores compared to a control group 

(Keynan et al., 2019). Conversely, neurofeedback studies to increase the amygdala response 
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showed that the ability to identify or describe one’s own emotions (as indicated by a subscale 

of the Toronto alexithymia scale; TAS), was correlated with the effectivity to increase amyg-

dala activity (Young, Misaki, et al., 2017; Young et al., 2014; Zotev et al., 2011), which sug-

gests that individuals with less symptoms of alexithymia might have better prerequisites to learn 

increasing their amygdala activity with neurofeedback. Together with our results, these studies 

indicate that the ability to identify and describe one’s own feelings is directly related to the 

ability to gain control over the amygdala, however further studies are needed to fully understand 

the relation between alexithymia and amygdala neurofeedback. 

Overall, patients were able to downregulate the amygdala BOLD response with feedback, 

which is in line with our prior study (Paret et al., 2016). However, when looking at each run 

individually, we could not observe a significant downregulation effect in all four runs. Rather, 

the difference between the ‘down’ and ‘view’ condition descriptively seemed to increase over 

time (although the interaction of run and condition did not pass the significance level). In par-

ticular, significant downregulation of the amygdala amplitude was achieved at the fourth train-

ing run and downregulation of the AUC was achieved at the second and fourth run. This implies 

that in BPD patients multiple training runs are necessary to observe amygdala downregulation 

with neurofeedback.  

In addition, we determined participants’ best performance (i.e. the run with the largest delta 

between ‘view’ and ‘down’). Both downregulation of the amygdala BOLD response and best 

performance did not correlate significantly with any of our primary endpoints. Thus, evidence 

for a mechanistic relationship between amygdala regulation and emotion dysregulation is still 

missing. The lack of significance may be a function of several causes, including lack of power 

and technical issues. For example, the neurofeedback training was optimized to increase abso-

lute training time but was less optimal in terms of quantifying downregulation of the amygdala, 

as the view condition of each session was comprised of only five pictures, while the ‘down’ 

condition was comprised of 25 pictures. Additionally, shifts of behavior, physiology, and cog-

nition during an emotional response are often loosely coupled (Bonanno & Keltner, 2004), and 

as such, a significant correlation is not necessarily observable, particularly in small sample 

sizes. Placebo-controlled trials are necessary to corroborate that neurofeedback training is in-

deed causal for improvement in emotion regulation. 

4.5.1 Limitations  

Several limitations merit comment. Most importantly, the present study lacks a control group, 

so that our results do not allow conclusions about the specificity and efficacy of neurofeedback 
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training. It is possible that factors other than the neurofeedback training itself account for the 

results. For example, it could be that the motivation to try a new treatment approach, psycho-

social factors or effects of repeated exposure of tasks (i.e. practice effects) led to the observed 

changes. Therefore, replication in a RCT is necessary. In addition, we assessed a large number 

of different outcome measures. Testing many different outcome measures in a single patient 

cohort is the only way to identify potential behavioral targets for a new, technically-demanding, 

and cost-intensive technique (such as neurofeedback), given the current database and limited 

financial resources. Multiple comparisons however bare the risk of false discovery. To over-

come this issue, we repeated statistical tests of primary endpoints with a conservative correction 

for multiple tests (i.e. Bonferroni-correction). No statistical tests survived significance testing 

with correction.  Notwithstanding such disenchanting outcome, several comparisons (e.g., 

ZAN-BPD, startle response) achieved medium effect sizes. With appropriate sample size, fu-

ture studies might replicate this finding and achieve significant outcomes. 

Finally, the fixed order of the EWMT and BMT in the experiment might induce bias. Both tasks 

were performed prior to the first scanning session and immediately after the last neurofeedback 

training. At the end of the last scanning session, participants might have been fatigued and less 

capable or motivated to concentrate. Similarly, results from the ZAN-BPD should be inter-

preted with caution, as EMA assessment was conducted one week before the ZAN-BPD inter-

view and may have biased the effect, as interviewers were not blinded to treatment.  

4.6 Conclusion 

Until now, it has been unclear which aspects of psychopathology and emotion regulation may 

change with neurofeedback-aided amygdala downregulation. The present study provides the 

first preliminary empirical basis for informed decision-making in primary outcome measures 

of larger clinical trials of amygdala neurofeedback training. We show that general BPD psy-

chopathology, as well as different aspects of emotion dysregulation, improve after training, 

although these effects do not remain statistically significant after a conservative correction for 

multiple tests. If confirmed by an independent study, our results suggest that the ZAN-BPD, 

emotion regulation (assessed with emotion-modulated startle), and EMA are appropriate 

measures to quantify these improvements. Future placebo-controlled trials must confirm that 

neurofeedback treatment is effective in improving emotion regulation in those with BPD. Fu-

ture trials will allow for the development of new therapy concepts, including neurofeedback 

that can be incorporated into clinical practice. In addition, the causal pathway through amygdala 

hyperactivation, regarding symptoms of emotion dysregulation, can also be tested.  
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4.7 Supplementary Material 

4.7.1 Supplementary Methods 

4.7.1.1 Flow chart of the study 

 

 
 
Figure 4.9. CONSORT flow chart for the study. 

4.7.1.2 Recruitment 

Recruitment was done by the central project of the KFO-256, a Clinical Research Unit funded 

by the German Research Foundation (DFG; KFO-256). Interested patients were told about the 
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this vein, self-regulation and emotion processing may be improved. In this study we would like 

to investigate the therapeutic effects of this technique for borderline personality disorder.” 

4.7.1.3 Real-time fMRI neurofeedback 

4.7.1.3.1 Procedure 

BPD patients participated in a total of three neurofeedback training days with an interval of 2–

7 days between subsequent sessions. On the second training day, participants underwent two 

consecutive training runs, whereas on the first and third training day they underwent one train-

ing run. A neurofeedback training run lasted 15 minutes. 

Before the neurofeedback training started, participants were told that they would see negative 

pictures and a feedback signal from their brain depicted as a colored thermometer bar on each 

side of the picture. They were further instructed to down-regulate the thermometer bar and that 

there would be a temporal delay of the BOLD response, which caused a time lag of the ther-

mometer response (2-5 seconds). In addition, they were instructed to keep their eyes open, not 

shift their gaze away from the screen, not to focus exclusively on the thermometer and the edges 

of the picture, not to control their breath and to keep their heads still throughout the experiment. 

Participants then entered the scanner and the experiment started. After the anatomical scans 

were acquired, a demo-feedback trial was presented without fMRI scanning to get participants 

accustomed to the training. Subjects were instructed to either look at the picture (without re-

ceiving feedback), or to down-regulate the thermometer signal, respectively. The neurofeed-

back run thus consisted of ‘down’ and ‘view’ conditions. In the ‘down’ condition, the pictures 

were presented with feedback. In the ‘view’ condition, a picture with aversive content was 

shown. A neurofeedback run comprised ten blocks, with five ‘down’ blocks consisting of six 

pictures presented for 18 seconds (108 seconds total) and with five ‘view’ blocks consisting of 

one picture presented for 18 seconds. The order of conditions was fixed with alternating view 

and down blocks. After the last block, participants were instructed to rate their perceived regu-

lation success (‘Were you able to regulate the display?’) on a 10-level visual analogue scale.   

4.7.1.3.2 Stimuli Used for Neurofeedback Runs 

For the neurofeedback training runs, 132 negative stimuli were taken from standardized picture 

series (Dan-Glauser & Scherer, 2011; Lang et al., 2008; Marchewka et al., 2014; Wessa et al., 

2010)  and were completed with 8 pictures from the internet. Stimuli were presented with the 

Presentation software (Neurobehavioral Systems, Berkeley, CA). For each patient, pictures 

were randomly assigned to runs.  

Stimuli with these original codes were used: 
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EmoPics: 208, 210, 211, 212, 213, 214, 215, 216, 217, 218, 219, 220, 221, 222, 223, 224, 225, 

226, 227, 228, 229, 230, 231, 232, 241, 243, 244, 245, 246, 251, 252, 253, 254.  

IAPS: 2053, 2301, 2345, 2375, 2456, 2457, 2458, 2691, 2694, 2700, 2703, 2718, 2795, 2799, 

2800, 2900, 2981, 3180, 3215, 3220, 3500, 3530, 6220, 6231, 6311, 6313, 6520, 6550, 6563, 

6831, 6940, 8485, 9050, 9163, 9183, 9185, 9230, 9250, 9332, 9342, 9414, 9415, 9419, 9423, 

9424, 9425, 9426, 9428, 9429, 9435, 9480, 9901, 9902, 9905, 9920. 

EmoMadrid: EM0001, EM0123, EM0319, EM0321, EM0322, EM0326, EM0331, EM0350, 

EM0356, EM0363, EM0392, EM0393, EM0410, EM0420, EM0447, EM0484, EM0488, 

EM0568, EM0570, EM0572, EM0577, EM0586, EM0597, EM0605, EM0633, EM0692 

NAPS: Faces_012_v, Faces_021_h, Faces_148_h, Faces_150_h, Faces_303_h, Land-

scapes_002_h, Objects_006, Objects_011_h, Objects_012_h, Objects_125_h, Objects_143_h, 

Objects_275_v, People_071_h, People_079_h, People_118_h, People_139_h, People_210_h, 

People_243_h. 

4.7.1.3.3  Neurofeedback Strategies Used 

After each neurofeedback session, participants indicated which strategies they used to down-

regulate the feedback signal and to what extent. We used an inhouse questionnaire that was 

created based on our experience of previous neurofeedback studies. In the questionnaire, par-

ticipants were provided with different cognitive strategies such as reappraisal, distraction and 

mindfulness strategies and were instructed to indicate on a visual analogue scale to what extent 

they have used the strategy during the neurofeedback session.  

The following strategies were provided: 

1. I tried to reappraise the depicted situation (e.g. I told myself that this is just a film). 

2. I tried to distance myself from the depicted situation (e.g. I told myself that this doesn't 

pertain to me). 

3. I tried to distract myself with different thoughts or activities (e.g. mental arithmetic, 

counting numbers). 

4. I tried to relax (e.g. by focusing on my breath or by doing relaxation exercises). 

5. I tried to look at the picture without evaluating it (e.g. by describing what I see on the 

picture without evaluating it in a positive or negative manner). 

6. I tried to shift my attention away from aversive details of the picture and to e.g. relocate 

my attention towards neutral details of the picture or towards the thermometer display.  

7. I tried to remember positive emotional memories e.g. with my family or friends. 

8. I tried to think of a positive story of the people depicted on the picture (e.g. the person 

will get help, or the person is doing better). 
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9. I tried to think of a reason or a story behind the depicted situation. 

10. I tried to integrate the picture into a political or historical context. 

Participants were instructed to mark on a continuous analogue scale, how often they used the 

strategies provided.  The manually set marks were digitally transformed into a percent maxi-

mum possible ranging from 0 to 100. Later, question 1, 2, 8, 9 and 10 were combined to reap-

praisal strategies, question 3 and 7 were combined to distraction strategies, by adding the mean 

values of the respective strategies and subdividing it by the number of strategies. Thus, we 

analyzed 5 strategies: reappraisal, distraction, relaxation, mindful viewing, paying attention to 

neutral aspects. 

4.7.1.3.4 Real-time fMRI Analysis and Feedback Presentation 

Scan volumes were immediately transferred from the scanner site to a computer in order to 

preprocess and analyze the data using SPM8 (Wellcome Department of Cognitive Neurology, 

London, UK). For that, the T1-weighted scan was first segmented and normalized to Montreal 

Neurological Imaging (MNI) space. Anatomical masks of the regions of interest (ROI) for feed-

back calculation were then moved to subject-native space. The BOLD signal data from voxels 

within a right amygdala mask was taken for further processing, The mask was created with the 

Harvard-Oxford brain atlas with a probability threshold of 25%. We also recorded BOLD signal 

data from a rectangular ROI (3x30x30 mm in AC-PC orientation, center of mass = [0,-16,-5], 

MNI coordinates). This mask served as a control for global signal fluctuation unrelated to func-

tional brain activation. The perpendicular distance from the control ROI to the right amygdala 

mask comprised 7 mm in sagittal direction. Functional images were realigned to the first vol-

ume and BOLD signal data from all voxels within each ROI were averaged. The average time 

course was processed with a modified Kalman filter (Koush, Zvyagintsev, Dyck, Mathiak, & 

Mathiak, 2012) and detrended using Matlab’s (R2014b) detrend function. Detrending began 

with the 35th volume (i.e. before feedback started) so that the filter and detrend functions were 

stabilized. Next, percent signal change from the global mean was calculated. On a second com-

puter, stimulus presentation software received the data via TCP/IP. The feedback was displayed 

as a colored rectangle moving up and down, altering from dark red at the maximum over light 

green to dark green at the minimum. Resolution of the display consisted of six units and ranged 

between two percent signal change above and below baseline. The display was refreshed with 

a frequency of 1 Hz. Details of fMRI acquisition, real-time fMRI analysis and feedback presen-

tation can be found in the supplement and has been published by Paret et al. (2018). 
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4.7.1.4 Emotion Regulation Test  

4.7.1.4.1 Procedure 

Participants completed the task directly before (T0) and after (T1) the neurofeedback training 

as well as after 6 weeks (T2). They were instructed either to view negative and neutral pictures 

without modifying their emotions (‘view’; ‘neutral’ condition respectively) or to down-regulate 

their feelings toward negative pictures (‘down’ condition). Furthermore, participants were in-

structed not to turn away their gaze or to close their eyes, nor to focus exclusively on non-

emotional parts of the picture. Before the emotion regulation task started, ten startle probes 

were presented consecutively, to control for habituation effects. In total, the paradigm consisted 

of 36 trials (12 trials per condition) and lasted 20 min. Each trial began with a 2,000 millisec-

onds presentation of an instructional cue (‘view’, ‘down’), followed by a fixation cross dis-

played for 1,000 milliseconds. Next, a neutral or negative picture was presented for 10,000 

milliseconds. A startle probe (50 milliseconds, 95dB white noise burst) was presented through 

headphones at 6,500 milliseconds – 9,500 milliseconds into the regulation phase). Self-assess-

ment Manikins (SAM Ratings; Bradley & Lang, 1994) were presented after presentation of 

each picture. Participants rated on a 1-9 Likert scale how positive/negative and aroused/calm 

they felt at that moment. Lower scores on the valence scale indicate that they felt more positive; 

lower scores on the arousal scale indicate that they felt calmer. By pressing buttons on a key-

board, subjects selected SAMs corresponding to their subjective valence and arousal. The initial 

rating position was random and the current selection after 5 s was logged. Intertrial intervals 

were jittered between 3,500 and 5,500 milliseconds Picture stimuli were presented in semi-

randomized order with restriction of no more than two consecutive trials from the same condi-

tion, and no more than three consecutive trials with negative pictures. The participants’ eyes 

were tracked by a camera system (SMI BeGaze, Teltow, Germany) to encourage subjects to 

comply with instructions, data were not analyzed. Ten percent of trials did not include a startle 

probe (2 trials per condition). 

4.7.1.4.2 Stimuli Used for the Emotion Regulation Test 

Stimuli were taken from standardized picture series (Lang et al., 2008; Marchewka et al., 2014) 

and were presented with the Presentation software (Neurobehavioral Systems, Berkeley, CA). 

Arousal and valence were calculated from normative ratings provided with the published data 

sets. Pictures were matched between T-assessments according to arousal and valence. Stimuli 

with the following original codes were used: 



Study III: Improved emotion regulation after neurofeedback: A single-arm trial in patients with BPD 

 160 

T0: Negative: 247, 1033, 1304, 2205, 3185, 6212, 6510, 9413, 9433, 9921, People_034, Ani-

mals_033, Animals_052, People_147, Faces_003, Faces_028, Faces_041, Faces_272, Peo-

ple_002, People_007, People_039, People_072, People_136, People_203. Neutral: 2381, 5510, 

5740, 7003, 7025, 7052, 7150, 7161, 7175, 7185, 7236, 7950. 

T1: Negative: 234, 239, 250, 252, 3181, 6244, 9042, 9412, Animals_001, Animals_014, Ani-

mals_034, Faces_014, Faces_146, Faces_174, Faces_274, Faces_290, Faces_369, Ob-

jects_139, Objects_283, People_019, People_084, People_124, People_143, Animals_076- 

Neutral: 2038, 6150, 7000, 7004, 7006, 7010, 7035, 7041, 7045, 7187, 7205, 7490. 

T2:  Negative: 209, 249, 2683, 235, 325, 6231, 9904, 2811, Animals_003, Animals_006, 

Faces_035, People_145, Faces_151, People_033, People_231, Animals_085, People_004, Peo-

ple_073, Faces_007, Faces_034, Faces_019, People_001, Faces_293, People_038. Neutral: 

7001, 7026, 7217, 7080, 5471, 2580, 7090, 7224, 5635, 7100, 7009, 7002. 

4.7.1.5 Emotional Working Memory Task (EWMT) 

4.7.1.5.1 Procedure 

The EWMT is an adapted Sternberg item recognition task (Sternberg, 1966), modified by Oei 

and colleagues (Krause-Utz et al., 2014; Krause-Utz et al., 2012; Oei et al., 2012). The present 

version comprised 40 trials with jittered durations: each trial started with the presentation of a 

set of three letters (memoranda, 875 – 1,375 milliseconds). After a delay phase of 1,250 – 1,750 

milliseconds another set of three letters appeared on the screen (probe, 2,000ms). Next, a blank 

screen appeared (inter trial interval, 550 – 1,050 milliseconds). Participants had to press the left 

or right button to indicate whether they recognized one of the memoranda-letters in the probe. 

In half of the trials, one of the three memoranda was present in the probe. During the delay 

interval, either no distractor (i.e. a fixation cross; ‘cross’ condition) or a distractor (i.e. an aver-

sive picture; ’negative’ condition) was presented. Target-present and target-absent trials were 

equal across the ‘negative’ and the ‘cross’ condition. The presentation of the two conditions 

(write conditions) was balanced in a pseudo-random manner with no more than two consecutive 

conditions of the same type. Stimuli were presented in semi-randomized order with restriction 

of no more than two consecutive trials from the same condition (write conditions), and no more 

than three consecutive trials with negative pictures. Order of condition and assignment of pic-

tures to assessments (i.e. T0, T1, T2) was alternated between subjects.  

4.7.1.5.2 Stimuli Used for the EWMT 

Stimuli were taken from standardized picture series (Lang et al., 2008; Marchewka et al., 2014) 

and were presented with the Presentation software (Neurobehavioral Systems, Berkeley, CA). 
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Pictures were matched between T-assessments according to arousal and valence calculated 

from normative ratings provided in original publication of the data sets. The following stimuli 

were used: 

T0: 284, 242, 1202, 3550, 6021, 9620, 3195, 9810, 6370, 1300, 9635, 1202, 3212, 6350. Peo-

ple_022_h, Faces_363_h, People_209_h, Faces_284_h, People_031_h, People_128_h. 

T1: 233, 3300, 8230, 9800, 9254, 6570, 9670, 9325, 3103, 9600, 9321, 2730, 3030, 9410, Peo-

ple_214, People_058, People_140, People_088, Objects_001, People_246. 

T2: 237, 3350, 9181, 9300, 9400, 9910, 6415, 9075, 6834, 1930, 6312, 9252, 1120, 6230, An-

imals_008, People_225, People_037, Faces_362, Objects_149, Faces_010. 

4.7.1.6 Backward Masking Task (BMT)   

4.7.1.6.1 Procedure 

Participants were instructed to identify whether faces expressing either happy or fearful facial 

expressions are male or female. To keep them attentive throughout the task, participants were 

told to identify whether the presented faces were male or female via button press. Faces were 

presented for 33 milliseconds or 83 milliseconds. Thus, the BMT had a total of four conditions: 

Happy or fearful facial expressions either presented for 33 milliseconds or 83 milliseconds. A 

total of 4 blocks per condition were presented. Each block consisted of 8 pictures shown con-

secutively. Each block began with a fixation cross. Next, eight faces were shown for 33ms or 

83ms, each preceded by a red rectangle on a grey background for 5,100 milliseconds and fol-

lowed by a mask (scrambled face) for 4,100 milliseconds. Stimuli were taken from the Karolin-

ska Directed Emotional Faces set (KDEF; Lundqvist, Flykt, & Öhman, 1998).  

4.7.1.6.2  Behavioral Data of the BMT 

Participants were instructed to identify the sex of the faces to keep them attentive throughout 

the task by pressing either the left or right button, respectively. Button presses were analyzed 

by summing up right, wrong and missed button presses per session across all conditions. 

4.7.1.7 EMA  

The following questions were used for EMA assessments: 

Positive affect: 

At the moment I feel happy 

At the moment I feel lucky 

At the moment I feel relaxed 

At the moment I feel content 
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At the moment I feel enthusiastic 

Negative affect:  

At the moment I feel sad 

At the moment I feel irritated 

At the moment I feel angry 

At the moment I feel depressed 

At the moment I feel fearful 

Subjective control over emotions: 

When the phone rang I felt like I could control my feeling 

When the phone rang I felt overwhelmed by my feelings 

Inner tension:  

At the moment I feel an aversive inner tension 

Dissociation: 

When the phone rang I felt like my body did not belong to me 

When the phone rang I felt like people or things or the world were not real 

When the phone rang I had problems to hear right, e.g. noise around me appeared as if it came 

from far away 

When the phone rang I felt like my body or some body parts were insensitive to pain 
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4.7.1.8 Consensus on the Reporting and Experimental Design of clinical and cognitive-

behavioural Neurofeedback studies (CRED-nf) best practices checklist 2019 

Table 4.2 

Cred-nf best practice checklist 2019. 
Domain Item # Checklist item Reported on page # 

Pre-experiment 

 1a Pre-register experimental protocol and 

planned analyses 

129 

1b Justify sample size In our opinion, N = 25 subjects were 

sufficient to reach our aims 

Control groups 

 2a Employ control group(s) or control condi-

tion(s) 

Control condition:131, 140; control 

group: 127, 153 

2b When leveraging experimental designs 

where a double-blind is possible, use a dou-

ble-blind 

No blinding possible 

2c Blind those who rate the outcomes, and when 

possible, the statisticians involved 

Not applicable 

2d Examine to what extent participants and ex-

perimenters remain blinded 

Not applicable 

2e In clinical efficacy studies, employ a stand-

ard-of-care intervention group as a bench-

mark for improvement 

Not applicable  

Control measures 

 3a Collect data on psychosocial factors 157, 165, 166 

3b Report whether participants were provided 

with a strategy 

131 

3c Report the strategies participants used 165 

3d Report methods used for online-data pro-

cessing and artifact correction 

132, 158 

3e Report condition and group effects for arti-

facts 

- 
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Table 4.2 (continued) 
Domain Item # Checklist item Reported on page # 

Feedback specifications 

 

4a Report how the online-feature extraction was 

defined 

132, 158 

4b Report and justify the reinforcement sched-

ule 

132 

4c Report the feedback modality and content 132 

4d Collect and report all brain activity varia-

ble(s) and/or contrasts used for feedback, as 

displayed to experimental participants 

158, 138, 140 

4e Report the hardware and software used 131, 137, 158 

Outcome measures 

Brain 5a Report neurofeedback regulation success 

based on the feedback signal 

- 

 

 5b Plot within-session and between-session reg-

ulation blocks of feedback variable(s), as 

well as pre-to-post resting baselines or con-

trasts 

140 

 5c Statistically compare the experimental con-

dition/group to the control condi-

tion(s)/group(s) (not only each group to base-

line measures) 

Not applicable 

Behaviour 6a Include measures of clinical or behavioural 

significance, defined a priori, and describe 

whether they were reached 

133 ff, 141 ff 

 6b Run correlational analyses between regula-

tion success and behavioural outcomes 

151, 168 

Data storage  

 7a Upload all materials, analysis scripts, code, 

and raw data used for analyses, as well as fi-

nal values, to an open access data repository, 

when feasible 

- 
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4.7.2 Supplementary Results 

4.7.2.1 Data without Imputation  

4.7.2.1.1 Neurofeedback Downregulation 

Original data of Amygdala AUCs revealed a significant main effect of condition, F(1,18) = 

7.57, p = .01, eta2 = .30, and non-significant main effect of time, F(3,54) = 2.53, p = 0.08, eta2 

= .12, but no significant interaction of time and condition, F(3,54) = .96, p = .42, eta2 = .05. 

Post-hoc paired t-tests of original data revealed a significant effect between regulate and view 

at session 4, t(18) = -2.52, p = .02. Original data of Amygdala amplitudes revealed a main effect 

of condition, F(1,18) = 7.97, p = .01, eta2 = .31. There were no significant main effect of time 

and no significant interaction of time and condition. Post-hoc paired t-tests of original data 

revealed a significant effect between regulate and view at session 4, t(18) = -2.84, p = .01. 

4.7.2.1.2  Neurofeedback Downregulation Strategies 

Descriptively, participants used mindful viewing the most and distraction strategies the least 

across all sessions (see Figure 4.10). 

 

 
Figure 4.10. Mean extent of use of different strategies during the neurofeedback sessions. Error bars 
represent standard error of mean (SEM). 
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4.7.2.1.3 TAS-26  

Original data of the TAS-26 revealed a significant main effect of time of the TAS total score, 

F(1.47, 27.91) = 6.85, p = .01, eta2 = .27, and of the subscale ‘Identification of one’s feelings’, 

F(2, 40) = 6.63, p < .01, eta2 = .25. Post-hoc paired t-tests revealed a significant decrease of 

‘Identification of one’s feelings’ from T1 to T2, t(20) = 2.06, p = .05, and from T1 to T2, t(20) 

= 3.05, p = .01, and a significant decrease of TAS total score from T1 to T2, t(18) = 2.78, p = 

.01, and from T0 to T2, t(18) = 2.55, p = .02). No significant main effect of time was found for 

the subscales‚ Difficulty describing feelings’, F(1.56, 29.64) = .67, p = .52, eta2 = .03), and 

‘external thinking’, F(2, 38) = 2.59, p = .09, eta2 = .12. 

4.7.2.1.4 Emotion Regulation Test 

As hypothesized, patients down-regulated negative emotions more effectively after training, 

indexed by a significant decrease of the emotion-modulated startle in the ‘down’ compared to 

the ‘view’ condition after training, F(2,34) = 3.27, p = .05, eta2 = .16. There was no significant 

main effect of time, F(2,34) = 1.09, p = .35, and condition, F(1,17) = .28, p = .60. Post-hoc 

paired t-tests between the ‘down’-‘neutral’ and the ‘view’-‘neutral’ condition revealed a trend-

level effect at T1, t(17) = -2.01, p = .06, d = -.47. At T0 and T2, in contrast, patients did not 

significantly decrease startle in the ‘down’-‘neutral’ vs ‘view’- ‘neutral’. 

4.7.2.2 Data with Imputation 

4.7.2.2.1 Rating of Subjective Regulation Success 

Participants were instructed to rate their perceived regulation success on a 10-level visual ana-

logue scale (0 = not at all; 10 = very much). Mean success ratings ranged between 4.00 and 

4.63 across sessions, suggesting that participants estimated their regulation success in the me-

dium range. Success ratings did not significantly change over time, F(3,69) = 1.13, p = .34. 

Descriptive data of success ratings can be derived from Table 4.3. 

 

Table 4.3 

Mean ratings of subjective downregulation success during individual neurofeedback sessions. 
 Session 1 Session 2 Session 3 Session 4 

Mean success (SD) 4.00 (1.50) 4.63 (1.86) 4.56 (1.67) 4.33 (1.34) 

Note. SD = standard deviation. 
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4.7.2.2.2 Best Performance 

 
Figure 4.11. Best performance (i.e. largest delta between ‘down’ and ‘view’) of amygdala 
downregulation. Bars represent for each run the number of participants that reached their best 
performance. AUC = area under the curve. 

 

 

4.7.2.2.3 Behavioral Results of the BMT 

Mean number of right, F(2,46) = .64, p = .54, wrong, F(2,46) = .59, p = .56, and missed trials, 

F(2,46) = 1.33, p = .28, did not significantly change over time. Descriptive data can be derived 

from Table 4.4.  
 

Table 4.4 

Mean (SD) of number of correct, wrong and missed trials during the BMT at T0, T1 and T2. 
 Right answer Wrong answer Missed trials 

T0  109.56 (14.87) 14.51 (11.00) 3.97 (5.45) 

T1 110.49 (10.52) 13.36 (8.51) 4.10 (4.33) 

T2 107.53 (22.39) 13.31 (10.32) 7.15 (15.29) 

Note. SD = standard deviation. 
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4.7.2.2.4 Correlations between Downregulation Success and Primary Endpoints 
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5 GENERAL DISCUSSION 

5.1 Overall Rationale and Review 

The feasibility to treat emotion regulation problems with fMRI neurofeedback has been demon-

strated by a number of studies (Linhartová et al., 2019). Because BPD patients show amygdala 

hyperreactivity which is assumed to underlie the severe emotion regulation problems they suf-

fer from (Schulze et al., 2011), amygdala neurofeedback training might be a candidate training 

to reduce symptoms in BPD and to specifically target emotion dysregulation.  

However, the field has yet to prove that amygdala fMRI neurofeedback has an effect above and 

beyond placebo. One major problem is the lack of controlled trials and a lack of critical outcome 

variables in fMRI neurofeedback experiments. In a recent systematic review including 99 neu-

rofeedback experiments (Thibault, MacPherson, Lifshitz, Roth, & Raz, 2018), 38 studies did 

not assess a control group. 39 studies included a control group and 11 of them showed behav-

ioral improvements that were significantly greater in the experimental than in the control group. 

The authors conclude that many fMRI neurofeedback experiments would lack the key variables 

required to demonstrate the behavioral and clinical benefits of this new technique.  

With regard to amygdala neurofeedback, assessed outcome measures have been quite diverse 

(Barreiros, Almeida, Baia, & Castelo-Branco, 2019). In addition, we have not fully understood 

how amygdala normalization is mapped onto behavioral correlates in BPD. There is no “gold-

standard” to assess emotion (dys)regulation, but rather available tools differ largely between 

each other and psychophysiological measures have produced mixed results. This in turn im-

peded the selection of primary outcome measures for future randomized controlled trials (RCT) 

of amygdala neurofeedback in BPD patients.  

To fill this gap, three empirical studies were conducted in the present thesis, that were devoted 

to identifying emotion regulation effects of psychophysiological responses that may also be 

used in clinical trials, and to inform about potential outcome measures of amygdala neurofeed-

back in BPD.  

In particular, in Study I we screened and selected relevant emotion regulation studies and iden-

tified psychophysiological effects as well as important moderating variables using a meta-ana-

lytic strategy. Study II focused on the emotion-modulated startle to measure emotion regula-

tion and investigated whether the startle probe timing has an impact on the effects. Study III 

tested emotion regulation on several system levels before and after amygdala neurofeedback in 

BPD, including the paradigm piloted in Study II.  
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With that, the present thesis provides the groundwork for amygdala neurofeedback RCTs which 

are urgently needed to demonstrate that amygdala neurofeedback has a therapeutic value in 

BPD. 

5.2 Summary and Integration into Previous Research 

In the following section, results of all three studies will be summarized and discussed. First, the 

present findings on the psychophysiological effects of emotion regulation (Study I) will be in-

tegrated into existing literature. The following paragraph addresses potential influencing factors 

of emotion regulation effects on autonomic measures and the emotion-modulated startle, in 

particular the timing of the startle probe (Study II) as well as the duration of the emotion regu-

lation period (Study I). The last paragraph then concentrates on potential outcome measures of 

amygdala neurofeedback (Study III). At some passages data of the present studies are related 

and compared to each other. 

5.2.1 What are the Effects of Emotion Regulation on Psychophysiology? 

In Study I, we conducted meta-analyses of psychophysiological effects of emotion regulation 

strategies. Results demonstrate that autonomic responses of reappraisal and suppression are 

heterogenous with small to non-significant effect sizes ranging between d = -.09 and d = -.34 

(see Figure 2.3). The effects are compatible with effect sizes reported in a previous meta-anal-

ysis, which did not differentiate between individual psychophysiological measures (Webb et 

al., 2012). Compared to the autonomic effects, we found a significant and consistent decrease 

of the emotion-modulated startle across studies. In addition, corrugator EMG showed consistent 

and medium effects, too. This raises the question whether emotion regulation impacts indices 

of facial expressivity and eye-blink to a different degree than physiological measures of arousal 

(e.g., skin conductance). Given the inconsistent and small effects of autonomic responses, it 

may be even asked whether emotion regulation can be successfully assessed with autonomic 

measures at all. Possible reasons for the non-significant effects of autonomic measures will be 

discussed in section 5.2.2. 

With regard to the emotion-modulated startle, the conducted meta-analysis of Study I included 

only five studies in total. However, startle studies that could not be considered in Study I sup-

port the findings of the meta-analysis: Except for one study (Eippert et al., 2007), they also 

report a significant inhibition of the emotion-modulated startle during emotion downregulation 

of negative emotions (Fuentes‐Sánchez et al., 2019; Grillon et al., 2015; Lee et al., 2009; 

Leiberg et al., 2012; Lissek et al., 2007; Piper & Curtin, 2006).  
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In Study II, we replicated the finding of Study I in that healthy subjects successfully reduced 

negative emotions evidenced by a significant startle inhibition during the reappraisal of nega-

tive emotions. Descriptively, the effect became larger with increasing probe timing, indicating 

that later startle probes are useful to quantify emotion regulation with the emotion-modulated 

startle. 

In Study III, we assessed the emotion-modulated startle during explicit emotion downregulation 

before and after neurofeedback training in BPD patients. We found increased startle inhibition 

during downregulation compared to the no-regulation control condition after neurofeedback 

training, which suggests that participants improved their ability to regulate negative emotions. 

BPD patients did not exhibit a significant inhibition of emotion-modulated startle during emo-

tion downregulation (versus no-regulation) before the neurofeedback training, whereas a sig-

nificant inhibition was observed after the training, indicating a normalization of the emotion-

modulated startle after neurofeedback.  

In sum, results of Study I, II and III demonstrate that the emotion-modulated startle is a robust 

measure of emotion regulation which can be used as a potential variable to assess training-

related effects of amygdala neurofeedback.  

Our findings encourage possible reasons that might have accounted for the consistent effects of 

the emotion-modulated startle (for a detailed review see section 2.5). The methodology and 

quantification of the startle response is relatively straightforward (Grillon & Baas, 2003). In 

Study I, there was great concordance across studies with regard to the quantification of the 

startle response, a procedure that has been described in detail in Blumenthal et al. (2005). Sec-

ond, animal and human subject studies have shown that the amygdala directly modulates the 

auditory startle reflex via modulation of midbrain neurons (Davis, 1992; Kuhn et al., 2020; 

Rosen & Davis, 1988). In other words, emotion downregulation of negative emotions may af-

fect the startle response by modulating the amygdala. Emotional priming as indexed by the 

startle reflex modulation is assumed to provide an unequivocal index of amygdala activation 

that is independent of different task demands (Grillon & Baas, 2003). The direct modulation 

via the brain’s motivational system and the consistent methodology thus might have contributed 

to successful replications of the effect in our studies.  

The startle can track the valence dimension of emotion, which, according to Grillon & Baas 

(2003), could also be a valuable methodological advantage for the study of emotion. The au-

thors reason that other psychophysiological indices such as electrodermal and cardiovascular 

measures do not robustly differentiate between positive and negative emotions. More specifi-

cally, arousing negative emotional scenes potentiate startle amplitudes, while arousing positive 
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scenes cause inhibition. Researcher have assumed that the startle is a measure of general affec-

tive valence, while skin conductance reflects arousal (Lang et al., 1990).  

Yet, other research suggests that the interpretation of the startle as a measure of valence might 

be oversimplified: When it comes to the regulation of an emotion for example, previous litera-

ture suggests that the modulatory effect of the emotion-modulated startle during explicit emo-

tion regulation follows the pattern of variations in arousal of pictures rather than valence 

(Bernat et al., 2011; Dillon & LaBar, 2005). In line with these findings, Study II of the present 

dissertation found that startle inhibition during reappraisal correlated with the perceived down-

regulation of arousal. In contrast, we found no significant correlation between the perceived 

downregulation of valence and startle inhibition. Our results demonstrate that changes in the 

defensive tendency measured with emotion-modulated startle also reflect changes in perceived 

levels of arousal. Further studies are needed to understand the relationship between startle and 

the arousal and valence dimensions. 

To date, we can conclude that our results together with the strong relation between emotional 

dysregulation, enhanced amygdala activation, and enhanced startle response (Davis et al., 1999; 

Rosen & Davis, 1988) suggest that emotion-modulated startle is a sensitive measure for inves-

tigating therapeutic effects of amygdala neuromodulation. The association between startle and 

both valence and arousal dimension in the context of emotion regulation remains to be studied 

in future research. 

5.2.2 What Influences the Effects of Emotion Regulation on Psychophysiology? 

Small to non-significant effects in our meta-analysis (Study I) were partly due to the fact that 

the direction of effect sizes across individual studies were heterogenous and thus cancelled out 

each other. In addition, confidence intervals around effect sizes were very large in some studies, 

suggesting a high variability of the autonomic responses. The inconsistencies implicate that 

there are factors not yet understood, which drive autonomic effects in one or the other direction. 

In Study I, we identified a number of moderator variables that influenced effect sizes of the 

autonomic measures, such as study design, trial duration and the nature of the control condition 

(see section 2.4 for a detailed discussion). The moderator analyses suggest that the autonomic 

effects of suppression and reappraisal are in parts influenced by important aspects of the study 

set-up.  

In addition to these moderators, we also observed tremendous variation in the assessment and 

quantification of the autonomic measures, which was especially obvious in electrodermal re-

sponses, where the selection of baseline activity and the quantification of the response varied 
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largely between the individual studies (for an overview see Table 2.10). Therefore, it could be 

that the non-significant effects on autonomic measures reported in Study I may also be due to 

the variable assessment methods across studies. More research is needed to carefully investigate 

the influence of assessment and quantification methods on psychophysiological effects of emo-

tion regulation, especially in electrodermal responses. In addition, we need better standardiza-

tion of psychophysiological assessment and quantification across studies. 

Besides this, the present findings from both Study I and II indicate that the duration of the 

regulation period seemed to be a somewhat important factor for autonomic effects and startle 

inhibition during emotion regulation. Both the extended process model (Gross, 2015) and the 

implementation and maintenance model (IMMO; Kalisch, 2009) agree on the fact that the ex-

tended period of emotion regulation can be separated into different stages. Hence, from a theo-

retical standpoint it was hypothesized that emotion regulation might need some time until it 

effectively reduces negative emotions as emotion regulation strategies need to be activated and 

implemented first. The present psychophysiological effects are in line with that.  

Study I revealed that the duration of the emotion regulation period significantly moderated ef-

fects of reappraisal on skin conductance response and effects of suppression on skin conduct-

ance level, diastolic and systolic blood pressure, in that the effects became more negative (i.e. 

the mean levels decreased) with increasing trial duration. Although sample size was very small 

and thus should be treated with caution, the findings suggest that both suppression and reap-

praisal might need some time until they effectively decrease sympathetic arousal (e.g., de-

creased skin conductance, decreased blood pressure).  

Study II examined whether effects of reappraisal assessed with the emotion-modulated startle 

increase with startle probe time. Contrary to our expectations, startle inhibition was independent 

of probe timing.  That is, whether probes were delivered at 2, 7 or 12 seconds into the reap-

praisal phase did not significantly affect the assessment of emotion regulation. Descriptively 

however , startle probes delivered at 2 seconds into the regulation phase produced smaller ef-

fects and thus might be less sensitive than later probes (Dillon & LaBar, 2005; Eippert et al., 

2007; Jackson et al., 2000).  

As such we may speculate that the duration of the regulation period (and in startle experiments 

the timing of the startle probe), is a variable that should still be considered carefully in experi-

mental studies. Further research is needed to fully understand the temporal dynamics of psy-

chophysiological effects of emotion regulation. For example, Study II could be replicated with 

longer trial durations (and probe times beyond 12 seconds into the regulation phase) to analyze 

the full-blown emotion regulation response. 
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5.2.3 What are the Effects of Amygdala Neurofeedback on Emotion Dysregulation? 

Based on the results of Study I and II, Study III assessed emotion dysregulation before and after 

an amygdala neurofeedback training using a range of outcome modalities such as psychophys-

iology, self-report and neural assessments. In line with our hypotheses, we observed changes 

in BPD psychopathology after neurofeedback training, suggesting that subjectively experienced 

BPD symptoms improved over the course of the intervention. This result corresponds with 

studies reporting associations of amygdala normalization with reductions in BPD psychopathol-

ogy, and are in harmony with the notion that amygdala response is a critical mechanism of 

remission with BPD (Goodman et al., 2014; Schmitt et al., 2016; Schnell & Herpertz, 2007). 

The improvement in BPD psychopathology also dovetails with other clinical neurofeedback 

studies targeting the emotion circuit in the brain. Young, Siegle, et al. (2017), for example, 

found a 40% reduction in depressive symptoms in an amygdala upregulation neurofeedback 

intervention compared to a placebo neurofeedback group in unmedicated depressive patients. 

Another neurofeedback study in patients with depression found that depressive symptoms de-

creased by 43%, and 38% of patients showed a remission of depressive symptoms, although 

the intervention and control groups did not differ significantly (Mehler et al., 2018). Together 

with improvements in general BPD psychopathology as reported in study III, these studies im-

ply that a neurofeedback intervention specifically designed to target the emotion brain circuit 

may also improve more general psychopathological symptoms. 

In addition, the present results of Study III indicate that negative affect and affective instability 

experienced in daily life were reduced after neurofeedback training. These effects were partic-

ularly large compared to the other outcome measures of Study III, with a Cohen’s d ranging 

between d = .56 and d = .70. Negative affect and affective instability were assessed with eco-

logical momentary assessment (EMA) over the course of four days before and after neurofeed-

back training. The results are particularly encouraging as they indicate a possible transfer of the 

neurofeedback training to everyday life situations. However, as we did not assess EMA at the 

6-week follow-up assessment, it remains to be shown if these changes last in the long-term.  

Participants also showed improvements in the emotion regulation test after training, indicated 

by a greater inhibition of the startle response. The emotion regulation test explicitly instructed 

participants to downregulate negative emotions. In other words, amygdala neurofeedback treat-

ment might particularly support new or strengthen already existing emotion regulation skills, 

which is in line with the skill acquisition hypothesis outlined in Gevensleben et al. (2014).  
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At the same time, we also found significant improvements in alexithymia, i.e. the difficulty to 

cognitively process emotions, after neurofeedback training. Results are compatible with a re-

cent study showing that amygdala electrical fingerprint neurofeedback resulted in a larger re-

duction of alexithymia scores compared to a control group (Keynan et al., 2019). Neurofeed-

back studies to increase the amygdala response showed that the ability to identify or describe 

one’s own emotions was correlated with the effectivity to increase amygdala activity (Young, 

Misaki, et al., 2017; Young et al., 2014; Zotev et al., 2011), suggesting that patients with less 

alexithymia might have better prerequisites to learn increasing their amygdala activity with 

neurofeedback. Together with our results, these studies indicate that the ability to identify and 

describe one’s own feelings is related to the ability to gain control over the amygdala. However, 

it needs to be further studied whether the ability to identify and describe one’s feelings predicts 

amygdala neurofeedback success or rather improves with the training. 

In terms of the extended process model of emotion regulation (Gross, 2015), the effects found 

in alexithymia and the emotion-modulated startle indicate that amygdala neurofeedback might 

target different stages of emotion regulation: the selection and implementation of specific emo-

tion regulation skills might be strengthened, and the identification of intrinsic emotional states 

might be increased. Further research is needed, which will be discussed in detail in section 

5.4.2. 

5.3 Important Limitations 

Several methodological aspects of the studies presented in this thesis have to be reviewed crit-

ically regarding sample characteristics and the applied paradigms and designs.  

5.3.1 Sample Characteristics 

In Study II and III only female subjects participated. Thus, the majority of results presented in 

this work are limited to women. We chose to focus on female participants, due to gender dif-

ferences in the involvement of prefrontal and limbic regions during emotion regulation (Domes 

et al., 2010; McRae, Ochsner, Mauss, Gabrieli, & Gross, 2008) and due to gender differences 

in emotional responsivity (Bradley, Codispoti, Sabatinelli, et al., 2001). As men and women 

are equally affected by BPD (Bayes & Parker, 2017; Grant et al., 2008), it will be important to 

replicate our findings in male patients.  

Moreover, patients in Study III were allowed to take psychotropic medication with the re-

striction that the medication needed to be constant over the course of the study. Studies however 

indicate that psychotropic medication can mediate amygdala hyperreactivity in BPD patients 
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(Schulze et al., 2016). Specifically, amygdala hyperactivity was found only in unmedicated 

BPD patients. Medication thus might have already dampened amygdala activity and thus par-

ticipants might have had difficulties to further downregulate the amygdala.  

5.3.2 Study Design Characteristics 

With regard to the assessment of psychophysiological effects of emotion regulation, Study I 

highlights the importance of corresponding assessment and quantification methods of auto-

nomic measures across literature. We observed tremendous variations in quantification meth-

ods across the literature, in particular in studies assessing electrodermal responses. Due to the 

small number of studies, we were not able to account for such variation using moderator vari-

ables. We encourage future researchers to use similar research methodology and terminology 

of electrodermal responses and other autonomic measures as suggested by the state of the art 

literature (e.g., Boucsein et al., 2012) to make studies more comparable. 

Moreover, Study II might have been underpowered to show evidence for the expected effect of 

probe timing on startle inhibition. A post hoc power analysis based on our results using 

G*Power (Faul, Erdfelder, Lang, & Buchner, 2007) indicated that 262 participants would be 

necessary to achieve reasonable power (1 - b > .80) in order to prove significance, given a true 

interaction effect.  

Regarding Study III, a major limitation is the lack of a control group. Experimental studies that 

lack a no-feedback or sham feedback control group cannot differentiate whether the change in 

the target region’s activity is caused by the feedback or by other elements such as mental strat-

egies, attention, and motivation. Well-controlled study protocols are urgently needed for neu-

rofeedback studies (for a review, see Sorger, Scharnowski, Linden, Hampson, & Young, 2019). 

Besides this, both downregulation of the amygdala BOLD response and best performance did 

not correlate significantly with any of our primary outcome measures. Thus, evidence for a 

mechanistic relationship between amygdala regulation and emotion dysregulation is still miss-

ing. The lack of significance may be a function of several causes, including lack of power and 

methodological issues. For example, the neurofeedback training was optimized to increase ab-

solute training time but was less optimal in terms of quantifying downregulation of the amyg-

dala. Additionally, shifts of behavior, physiology, and cognition during an emotional response 

are often loosely coupled (Bonanno & Keltner, 2004), and as such, a significant correlation is 

not necessarily observable, particularly in small sample sizes. To overcome the problem of 

multiple comparisons, we repeated statistical tests of primary endpoints in Study III with a 
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conservative correction for multiple tests (i.e. Bonferroni-correction). No statistical tests sur-

vived significance testing with correction. It should however be mentioned that several com-

parisons (e.g., ZAN-BPD, startle response) achieved medium effect sizes. Finally, improve-

ments in emotion regulation, assessed with the emotion-modulated startle, faded to the follow-

up test; that is, some training effects did not persist for 6 weeks. Overall, these results limit the 

potential effectiveness of the amygdala neurofeedback training in its current version as a inter-

vention to target emotion dysregulation.  

In Study III we moreover identified the ZAN-BPD interview as a suitable measure that may 

track changes in BPD psychopathology with amygdala neurofeedback training. However, the 

interview in Study III was conducted by the Study investigators, who were not blind to the 

timing of the assessment. It will be important for future neurofeedback studies to assign inde-

pendent clinicians, who are blind to the assessment, and to replicate our results. 

In addition, there are also some important methodological limitations to the neural tasks in 

Study III. First, participants in the EWMT performed very well already at the first training 

session, with a rate of correct responses of about 80%. This raises the question whether the 

EWMT is sensitive enough to distinguish between the intervention and control condition. It 

may be that longer periods of distraction would have increased the difficultly of the task. More-

over, a potentially significant reduction in amygdala response after the neurofeedback training 

could have been achieved with a simple confrontation with emotional stimuli, too (without 

working memory task)12.Future studies using the EWMT should therefore include a control 

condition presenting emotional pictures but without a distractor. A limitation of the Backward 

Masking Task (BMT) is the lack of a proper control condition, which did not allow to identify 

changes in amygdala activation specific to the emotional faces. Future studies should include a 

neutral control condition with neutral faces or scrambled pictures.  

5.4 Research Implications  

5.4.1 Implication for Emotion Regulation Research 

Findings from the present thesis, in particular Study I, underscore the benefits of using multiple 

levels of assessment when investigating the effects of emotion regulation to obtain a richer 

picture towards the success and limitations associated with emotion regulation. Research using 

 
12 Although we did not find significant reductions in amygdala response during the EWMT, this limitation is 

important to mention as it may also apply to other EWMT studies. 
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several indices of emotion regulation ability can have a substantial impact into how emotion 

regulation success is understood in the research literature. Findings from Study I highlight the 

variability of autonomic responding across different emotion regulation contexts. Studies fo-

cusing on just one autonomic outcome measure may be prone to misinterpretations, as a one-

to-one correspondence between psychophysiological and psychological processes rarely exists 

(Cacioppo et al., 2007). Psychophysiological changes are often difficult to interpret because 

they are prone to several context factors as outlined in Study I and are also influenced by other 

psychological factors such as fatigue, drowsiness or stress in general (McRae & Shiota, 2017). 

Therefore, to obtain a comprehensive understanding of how emotion regulation is expressed, it 

is necessary for ongoing research to complete a thorough assessment using a range of subjec-

tive, expressive, physiological, and cognitive outcomes measures. These measures may also be 

assessed in a follow-up meta-analysis to see how the effects of individual psychophysiological 

effects, subjective experience and behavior are related to each other. 

Beyond extending the assessment of emotion regulation, future studies should also incorporate 

more ecologically valid instruments of emotion regulation. Much of the emotion regulation 

research to date has contrasted one (or more) specific types of emotion regulation with a no-

regulation control condition and the present thesis is no exception to that. Viewing emotional 

pictures and receiving relatively “pure” forms of emotion regulation every few seconds is im-

portant for both theoretical and statistical power reasons. While such a research strategy will 

continue to be a valuable approach in the future, it may not be the most reflective of every-day 

emotion regulation.  

One avenue to follow could be to use emotional stimuli that are closer to the rich and complex 

emotional experiences in daily life such as emotional films (Gross & Levenson, 1995). Alt-

hough (Morawetz et al., 2016a) did not find significant differences in emotion regulation when 

using films versus pictures, emotional films are usually presented over longer periods of time 

than pictures and thus allow the emotional response to unfold over time. With regard to emotion 

regulation paradigms assessed in patient populations such as BPD, personally more relevant 

emotional stimuli such as (autobiographical) scripts (Barnow et al., 2012; Zeier, Sandner, & 

Wessa, 2019) may also be used to induce strong negative emotions.  

Beyond these ecological considerations, it might also be helpful to rethink how to operational-

ize emotion regulation success. The majority of emotion regulation studies that were included 

in Study I focused on intrapersonal emotion regulation. From this perspective, emotion regula-

tion success is viewed as an intrapersonal process to cause a desirable internal emotional state 

(Gross, 1998a, 2015). The way emotion regulation success has been conceptualized, assessed 
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and discussed in Study II and III is no exception to this. From an evolutionary viewpoint how-

ever, emotions also serve to coordinate social interactions (Keltner, Haidt, & Shiota, 2006). In 

this way, emotions may also be seen as an interpersonal process with which individuals gener-

ate emotions in each other. If emotion regulation is studied as an interpersonal process, success 

can also be defined as the ability to effectively manage social interactions. One of the core 

features of BPD is disturbed social interactions (American Psychiatric Association, 2013) and 

it is assumed that emotion dysregulation leads to these interpersonal problems (Linehan, 1993). 

Hence, it may also be interesting to study emotion regulation in BPD during dyadic interactions 

in the laboratory, as has been successfully done with healthy individuals (Butler et al., 2003; 

Peters et al., 2014).  

The extended process model offers many ways to operationalize emotion regulation success, 

e.g. implementing a given strategy, the ability to perceive the target emotion and to flexibly 

switch a strategy if needed in a context-appropriate manner. Each of these aspects are also prone 

to dysfunctions in psychopathologies (Gross, 2015; Sheppes et al., 2015). A limitation to the 

classical explicit emotion regulation paradigm of the present thesis is that it rather focuses on 

the implementation of an (explicitly instructed) emotion regulation strategy (Sheppes et al., 

2015), whereas the valuation and selection stage is not considered because a strategy instruction 

(e.g., downregulate, reappraise) is provided by the researchers. Future studies should shift the 

focus from one element of one regulatory stage (e.g., implementation) to examining various 

elements of different regulatory stages. Recently, emotion regulation studies have tried to focus 

on other stages of the extended process model, e.g. using emotion regulation choice paradigms 

(Murphy & Young, 2020; Sauer et al., 2016; Shafir, Guarino, Lee, & Sheppes, 2017; Sheppes 

et al., 2014). Sauer et al. (2016) for example contrasted distraction and reappraisal in healthy 

and BPD patients and found that both groups preferred distraction over reappraisal under high-

intensity stimuli. More research is needed to understand situations in which both healthy indi-

viduals and patients choose less fortunate emotion regulation strategies. Such paradigms may 

also be used in the future to implement psychophysiological responses, such as the emotion-

modulated startle.  

5.4.2 Implications for Future Amygdala Neurofeedback Studies 

Despite promising effects on several system levels obtained in Study III, effects did not surpass 

the significance level when correcting for multiple comparisons. Some of the effects even faded 

to the follow-up sessions. Future clinical studies on amygdala neurofeedback should a) include 

larger sample sizes to achieve significant effects that surpass the correction for multiple testing, 
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b) should add booster sessions or mental training between sessions (Paret et al., 2019; Sulzer et 

al., 2013) to gain more stable effects and c) should improve paradigms to measure changes in 

emotion regulation. In section 5.4.1, suggestions for general improvements in emotion regula-

tion assessments were already outlined. With regard to amygdala neurofeedback studies, pre-

post data of transfer runs may also improve the understanding of whether and to what extent 

amygdala neurofeedback training can change the activation of neural circuitries of emotion 

regulation without feedback. A recent meta-analysis on amygdala neurofeedback highlighted 

the inclusion of a practice and a transfer run before and after the neurofeedback training as a 

relevant factor for the interpretation of the causality of the effects (Barreiros et al., 2019). In 

addition to this, emotion regulation may be assessed in every-day life to increase ecological 

validity. The results of Study III indicate promising effects of negative affect and affective 

instability assessed with ecological momentary assessment (EMA). In light of these results, we 

could speculate that the neurofeedback effects on emotion regulation might be captured equally 

well in a more ecologically valid environment. To date, no study has tested emotion regulation 

in daily life with EMA (Colombo et al., 2019), but it is already possible to assess psychophys-

iological measures with EMA (Raugh, Chapman, Bartolomeo, Gonzalez, & Strauss, 2019). The 

development of EMA assessment of emotion regulation paired with psychophysiological re-

cordings might be a new avenue to understand what triggers emotion regulation choices in daily 

life and how this might be improved via amygdala neurofeedback. 

Future studies could also study associations between amygdala neurofeedback and the different 

stages of emotion regulation proposed in the extended process model (Gross, 2015; Paret & 

Hendler, 2020). At present, there is relatively modest empirical support for the extended process 

model of emotion regulation (Sheppes et al., 2015) and the learning mechanisms of amygdala 

neurofeedback have not been fully understood yet (Paret & Hendler, 2020). In general, the 

empirical evaluation of basic processes of the extended process model requires assessing the 

three basic elements (perception, valuation, and action) as they process different types of infor-

mation in the three regulatory stages of emotion regulation (identification, selection and imple-

mentation). As mentioned above, classical emotion regulation paradigms considered in the pre-

sent thesis captured only a fraction of these stages, e.g. action stage of implementation. The 

study of multiple stages of the extended process model might allow to understand the mecha-

nisms of amygdala neurofeedback and vice versa (Paret & Hendler, 2020). During neurofeed-

back, the contingent reinforcement of behavior may help to select and implement mental strat-

egies that are successful for neurofeedback control via operant learning (Caria, 2016; Strehl, 

2014). In addition, participants may also refine the perception of intrinsic processes that are 
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correlated with the feedback via associative learning (Kotchoubey, Kubler, Strehl, Flor, & 

Birbaumer, 2002; Schwartz, Collura, Kamiya, & Schwartz, 2016). A necessary requirement for 

operant and associative learning is to monitor the feedback signal (Paret et al., 2018). As such, 

amygdala neurofeedback training may refine the ability to perceive, implement and monitor an 

internal emotional state that corresponds to the feedback but also helps to select and implement 

a certain strategy that is associated to successful control of the feedback signal. In other words, 

neurofeedback may tackle and improve abilities that are required during different stages of the 

extended emotion regulation process model (i.e. identification, selection and implementation 

stage with perception, valuation and action as sub-stages). A paradigm that captures these stages 

may be tested before and after amygdala neurofeedback training to understand what aspect of 

neurofeedback learning may transfer to emotion regulation abilities: Does amygdala neurofeed-

back help to perceive an emotion, select appropriate emotion regulation strategies or implement 

and switch the strategy if needed? In addition, these emotion regulation success metrices may 

be used to predict amygdala neurofeedback success. 

Finally, Study III implies that multiple neurofeedback training runs are necessary to observe 

amygdala downregulation with neurofeedback in BPD. As real-time fMRI neurofeedback is 

cost-intensive and not all clinical institutions have access to MRI, the question arises how real-

time fMRI neurofeedback can be realized in a clinical setting in the future. Recently, promising 

results have been achieved with amygdala-electrical fingerprint, a novel imaging approach us-

ing fMRI-inspired electroencephalography (EEG). Keynan et al. (2016) demonstrated that 

learned downregulation of the amygdala-electrical fingerprint, which was shown to reliably 

predict amygdala BOLD activity in the first place, facilitated volitional downregulation of 

amygdala BOLD activity via real-time fMRI, which manifested as reduced amygdala reactivity 

to visual stimuli. More recently, healthy individuals undergoing a stressful military training 

program underwent amygdala-electrical fingerprint neurofeedback sessions and showed re-

duced alexithymia and better stress coping abilities following the training relative to controls 

(Keynan et al., 2019). Amygdala electrical-fingerprint neurofeedback has the advantage to be 

more cost-efficient than fMRI amygdala neurofeedback. It remains to be tested in the future 

whether amygdala-electrical fingerprint neurofeedback is an effective training to target emotion 

regulation problems in BPD.  
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5.5 Conclusion and Clinical Outlook 

The present thesis answered three important questions: What psychophysiological responses 

are suited to measure emotion regulation in general and what aspects of the study design mod-

erates these effects? Does the timing of the startle probe influence effects of emotion regula-

tion? And finally, how can improvements in emotion dysregulation after amygdala neurofeed-

back training be measured in BPD? Based on our results, important implications for future 

emotion regulation and amygdala neurofeedback studies were outlined above. However, the 

present thesis may also provide practical implications for clinical research and therapy. 

There has been a long tradition to consider suppressing affect a poorly effective emotion regu-

lation strategy because it increases subjective and physiological arousal (e.g., Gross & Leven-

son, 1993; Gross, 1998b). With respect to physiological effects, our results on suppression are 

less clear. Suppression strategies decreased finger temperature, indicative of increased sympa-

thetic arousal, however effects were rather small and stemmed from a handful of studies. In 

addition, we did not find that suppression significantly increased skin conductance level, which 

is a pure measure of sympathetic arousal. With respect to skin conductance level, effects were 

highly contradictory across studies and were moderated by important study characteristics. This 

implies that the effectivity of a strategy to decrease sympathetic arousal might depend on the 

context in which it is being applied. More research is needed to understand both the short- and 

long-term effects of certain emotion regulation strategies in different contexts and how this is 

related to psychophysiological responding.  

With regard to Study III, it should be emphasized that replication of the robustness of results is 

a necessary precondition before drawing any conclusion for clinical practice. However, poten-

tial clinical implications still may spark future research. First of all, results imply that amygdala 

neurofeedback may address the acquisition and refinement of emotion regulation skills. At the 

same time, results also indicate that amygdala neurofeedback training might increase the ability 

to perceive internal emotional states as seen by improvements in alexithymia. Dialectical Be-

havior Therapy (DBT; Linehan, 1993) already has a lot of excellent suggestions for BPD pa-

tients how to reduce stress (e.g., distress tolerance skills) and strong negative emotions (e.g., 

“Emotionssurfing” in the German version) and suggestions how to increase the ability to per-

ceive internal emotion states via mindfulness strategies. If amygdala neurofeedback has been 

shown to be effective in BPD, the implementation of this treatment into DBT skills training 

might therefore offer valuable possibilities for patients to further implement and practice emo-

tion regulation skills.  
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As a concluding remark, during our training sessions in Study III, we often received the feed-

back from participants that for the first time they were “able to control at least something in 

their lives” – that is, the feedback thermometer. This gives rise to the hope that amygdala neu-

rofeedback training indeed has a positive impact to patients with BPD. But only a randomized 

controlled trial will tell for sure whether this impact is beyond placebo. 
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6 SUMMARY 

The way we regulate emotions is a powerful determinant of behavior and directly impacts affect 

and physiology. Many mental disorders, such as borderline personality disorder, are in large 

part disorders of emotion dysregulation. Because of its important role in mental health, research 

has endeavored to understand the mechanisms and biological underpinnings of emotion regu-

lation and to create trainings and specific clinical programs that aim to augment the ability to 

regulate emotions. The assessment of psychophysiological responses represents an important 

complementary method to quantify emotion regulation in both studies on healthy individuals 

and studies assessing clinical emotion regulation trainings. However, psychophysiological ef-

fects have been inconsistent across literature, which impedes informed decisions about suitable 

psychophysiological variables of emotion regulation experiments and clinical trainings. A new 

technique assumed to improve emotion regulation is amygdala neurofeedback training. Be-

cause patients with borderline personality disorder show hyperreactivity of the amygdala likely 

underlying the severe emotion regulation problems they suffer from, amygdala neurofeedback 

training may be a candidate training to improve emotion regulation in these patients. Until now, 

it has been unclear which aspects of psychopathology and emotion regulation may change with 

neurofeedback-aided amygdala downregulation in borderline personality disorder, which is ur-

gently needed to determine a primary outcome measure for future randomized controlled trails.  

To fill these gaps, the present doctoral thesis identified the effects of psychophysiological re-

sponses of emotion regulation as well as important moderators and identified primary outcome 

measures of emotion dysregulation after neurofeedback training in patients with borderline per-

sonality disorder.  

In total, three studies were conducted. In Study I, a total of 1353 studies on psychophysiological 

responses of emotion regulation were screened through a systematic search of articles and meta-

analyses were used to evaluate effect sizes of instructed downregulation strategies on common 

autonomic and electromyographic measures. Following this, Study II systematically tested ef-

fects of the startle probe timing on startle responses during emotion regulation in 47 healthy 

individuals. Study II aimed at optimizing emotion regulation assessment with the emotion-

modulated startle that was then used in Study III. In Study III, a four-session amygdala neu-

rofeedback training was tested in 24 female patients with borderline personality disorder. Be-

fore and after the neurofeedback training, as well as at a 6-week follow-up assessment, 

measures of emotion dysregulation and borderline personality disorder psychopathology were 

tested at diverse levels of analysis. 
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Results from Study I demonstrate that effects of emotion regulation on autonomic measures, 

even if significant, were small and heterogeneous across studies, while electromyographic 

measures were more homogeneous and revealed medium effect sizes. Important study charac-

teristics such as the study design, control instruction and trial duration moderated some auto-

nomic effects of suppression and reappraisal. Study II demonstrated a significant inhibition of 

the startle response with emotion downregulation. Startle probes delivered at >7 seconds into 

the regulation phase were useful to quantify reappraisal effects, although earlier probes did not 

yield significantly smaller effects. Finally, Study III demonstrated that the inhibition of the 

startle with emotion downregulation increased after the training, suggesting improved emotion 

regulation abilities. In addition, we could demonstrate that general BPD psychopathology as 

well as affective instability and negative affect in daily life improved after training. However, 

after correction for multiple comparisons, observed effect sizes did not surpass the significance 

level and some effects (e.g., startle) faded to the 6-week follow-up assessment.  

In sum, the present thesis provides the groundwork for future randomized controlled trials of 

amygdala neurofeedback training and enables future laboratory and clinical studies to gain 

more stable effects in psychophysiological measurements of emotion regulation. In particular, 

the findings implicate that with regard to emotion regulation research, autonomic measures ap-

pear to be highly variable and thus should be selected carefully. In addition, we need more 

comparable psychophysiological set-ups in the empirical study of emotion regulation. The emo-

tion-modulated startle not only proved to be a robust measure to quantify emotion regulation 

effects in general, but also appeared to be suitable to track improvements in emotion regulation 

in the context of a neurofeedback training targeting emotion dysregulation. With respect to 

emotion regulation outcome measures for future amygdala neurofeedback studies, further im-

provement of the specific paradigms is needed. In addition, the neurofeedback training itself 

should be optimized in terms of e.g. training time and booster sessions. Future placebo-con-

trolled trials must then confirm that the treatment is effective in improving emotion regulation 

in those with borderline personality disorder.  
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