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A B S T R A C T   

Background: Traumatic experiences are associated with neurofunctional dysregulations in key regions of the 
emotion regulation circuits. In particular, amygdala responsivity to negative stimuli is exaggerated while 
engagement of prefrontal regulatory control regions is attenuated. Successful application of emotion regulation 
(ER) strategies may counteract this disbalance, however, application of learned strategies in daily life is 
hampered in individuals afflicted by posttraumatic stress disorder (PTSD). We hypothesized that a single session 
of real-time fMRI (rtfMRI) guided upregulation of prefrontal regions during an emotion regulation task enhances 
self-control during exposure to negative stimuli and facilitates transfer of the learned ER skills to daily life. 
Methods: In a cross-over design, individuals with a PTSD diagnosis after a single traumatic event (n = 20) ac-
cording to DSM-IV-TR criteria and individuals without a formal psychiatric diagnosis (n = 21) underwent a 
cognitive reappraisal training. In randomized order, all participants completed two rtfMRI neurofeedback (NF) 
runs targeting the left lateral prefrontal cortex (lPFC) and two control runs without NF (NoNF) while using 
cognitive reappraisal to reduce their emotional response to negative scenes. During the NoNF runs, two %%-signs 
were displayed instead of the two-digit feedback (FB) to achieve a comparable visual stimulation. The project 
aimed at defining the clinical potential of the training according to three success markers: (1) NF induced 
changes in left lateral prefrontal cortex and bilateral amygdala activity during the regulation of aversive scenes 
compared to cognitive reappraisal alone (primary registered outcome), (2) associated changes on the symp-
tomatic and behavioral level such as indicated by PTSD symptom severity and affect ratings, (3) clinical utility 
such as indicated by perceived efficacy, acceptance, and transfer to daily life measured four weeks after the 
training. 
Results: In comparison to the reappraisal without feedback, a neurofeedback-specific decrease in the left lateral 
PFC (d = 0.54) alongside an attenuation of amygdala responses (d = 0.33) emerged. Reduced amygdala responses 
during NF were associated with symptom improvement (r = − 0.42) and less negative affect (r = − 0.63) at follow- 
up. The difference in symptom scores exceeds requirements for a minimal clinically important difference and 
corresponds to a medium effect size (d = 0.64). Importantly, 75% of individuals with PTSD used the strategies in 
daily life during a one-month follow-up period and perceived the training as efficient. 
Conclusion: Our findings suggest beneficial effects of the NF training indicated by reduced amygdala responses 
that were associated with improved symptom severity and affective state four weeks after the NF training as well 
as patient-centered perceived control during the training, helpfulness and application of strategies in daily life. 
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However, reduced prefrontal involvement was unexpected. The study suggests good tolerability of the training 
protocol and potential for clinical use in the treatment of PTSD.   

1. Introduction 

Post-traumatic stress disorder (PTSD) is a debilitating condition, 
with an estimated life-time prevalence as high as 8% in the general 
population (Kilpatrick et al., 2013). The disorder strongly impedes 
quality of life (Olatunji et al., 2007), increases premature mortality 
(Boscarino, 2006) and the risk of cardiovascular disease (Remch et al., 
2018). While effective psychotherapeutic treatments exist, non- 
responder rates are high and novel treatment options are urgently 
needed (Steenkamp et al., 2015). On the behavioral and symptomatic 
level the disorder is characterized by a strongly impaired capability to 
regulate emotions (Etkin and Wager, 2007), which may contribute to the 
manifestation of other characteristic symptoms of the disorder – 
particularly hyperarousal or avoidance of trauma-related stimuli (Fre-
wen and Lanius, 2006). Furthermore, deficits in emotion regulation 
have been shown to predict PTSD symptoms at a later stage and thus 
may be crucial in the further course of the disease (Fitzgerald et al., 
2018). 

At the neurobiological level, studies indicate that exposure to a 
traumatic event is associated with substantial structural and functional 
changes in core regions of circuits mediating emotional reactivity and 
regulatory control (Akiki et al., 2017). Importantly, neural networks 
associated with the processing of emotionally charged information such 
as the salience network are hyperactive and show increased intrinsic 
connectivity whereas cognitive control regions as part of the central 
executive network are less engaged. In addition, functional coherence 
within the central executive network as well as the default mode 
network is disrupted, contributing further to the psychopathology (Akiki 
et al., 2017). In a meta-analysis, Hayes et al. (2012a), Hayes et al. 
(2012b) investigated neural activation patterns in response to 
emotionally provoking stimulus material. They found consistent hypo-
activation of the ventromedial and ventrolateral prefrontal cortex (vm/ 
vl PFC) in response to negative stimuli, whereas activation in the 
amygdala and middle anterior cingulate cortex was increased in in-
dividuals with PTSD, presumably reflecting deficient prefrontal top- 
down control of emotional reactivity in limbic regions. Subsequent in-
vestigations largely confirmed this neural pattern (Schulze et al., 2019) 
and extend results by indicating differential neural habituation in 
frontal regions to aversive stimuli based on PTSD symptomatology 
(McCurry et al., 2020). Accordingly, distinct fronto-limbic response 
patterns indicate deficient emotion regulation on the behavioral level 
and represent a key pathophysiological mechanism mediating the eti-
ology and manifestation of the disorder (Schulze et al., 2019). Sup-
porting this line of interpretation, reduced responses of the amygdala 
and insula as well as an increase in frontal and hippocampal activation 
have been shown to underlie successful psychotherapy in PTSD across 
studies (Malejko et al., 2017). These changes in fronto-limbic networks 
may reflect regained control over affective disturbances. 

Cognitive reappraisal is an effective emotion regulation strategy 
(Gross, 2002), that has been demonstrated to facilitate emotion regu-
lation in healthy and psychiatric cohorts. In contrast to the avoidance or 
the suppression of an emotional response this adaptive strategy involves 
reevaluating an aversive scene or stimulus to reduce its negative impact 
on the current emotional state (Gross, 2002). In PTSD, greater reliance 
on cognitive reappraisal strategies as compared to suppression strategies 
to regulate affect has been associated with less severe symptomatology 
and better treatment outcomes (Price et al., 2006; Shepherd and Wild, 
2014). While the beneficial effects of psychotherapeutic treatment are 
evident, not all patients respond to treatment (Steenkamp et al., 2015). 
One particular challenge which may impede the efficacy of cognitive 
reappraisal is that patients may lack meta-cognitive awareness of the 

impact of psychotherapeutic strategies. Presenting participants with 
information on the effects of strategies on brain activation may increase 
credibility and motivate application in daily life (MacDuffie et al., 
2018). Real-time fMRI neurofeedback (rt-fMRI NF) is a promising non- 
invasive approach to support voluntary modification of blood oxygen 
level dependent (BOLD) activation in individuals with psychiatric dis-
orders characterized by aberrant neural activation patterns (Cordes 
et al., 2015; Dyck et al., 2016; Young et al., 2017; Zaehringer et al., 
2019; Zweerings et al., 2019). One characteristic aspect of a traumatic 
events is the experienced loss of control that is often perceived long after 
the traumatic situation has passed. Rt-fMRI NF trainings have been 
shown to support perceived control (Zweerings et al., 2018) and self- 
efficacy (Mehler et al., 2018), thus potentially motivating behavioral 
change (MacDuffie et al., 2018). A facilitation of the use of emotion 
regulation strategies is critical in PTSD considering its substantial 
impact on health outcomes and symptom manifestation (Fitzgerald 
et al., 2018; Frewen and Lanius, 2006; Price et al., 2006; Shepherd and 
Wild, 2014). Such facilitation of behavioural regulation skills may be 
achieved by NF. Paret and Hendler (2020) propose that NF enables an 
objective evaluation of changes in brain activation thereby forming a 
link between neural activation and cognition. According to the authors, 
this process can be conceptualized in the framework of Gross emotion 
regulation model (Gross, 2015). Awareness of neural processes through 
NF (Perceptions) allow for a valuation (V) that leads to an action (A). 
More specifically, based on the NF, participants can evaluate their 
regulation success and base their decisions about further mental action 
on this information. 

Neuroimaging studies in healthy individuals investigating neural 
activation patterns during emotion regulation have demonstrated that 
successful cognitive reappraisal is accompanied by increased activation 
in prefrontal areas, which exert an inhibitory influence on limbic 
structures such as the bilateral amygdala and thus modulate excessive 
bottom-up emotional responses (Kohn et al., 2014; Ochsner et al., 2004, 
2012). Disruptions in this inhibitory control mechanism may underlie 
deficient emotion regulation across diagnostic categories (McTeague 
et al., 2020; Zilverstand et al., 2017). In support of this mechanistic 
model, Rabinak et al. (2014) showed that individuals with PTSD exhibit 
reduced PFC engagement during the regulation of negative affect 
compared to trauma-exposed individuals who did not develop the 
disorder. 

In healthy subjects, Sarkheil et al. (2015) showed significantly 
reduced amygdala responsivity during rt-fMRI NF guided cognitive 
reappraisal training of the left lateral prefrontal cortex. The results were 
interpreted in terms of a strengthened inhibitory influence of frontal 
control regions over the amygdala after NF. Initial studies reported 
similar effects in PTSD, suggesting a potential clinical relevance of this 
strategy. Nicholson et al. (2017) trained ten individuals with PTSD to 
down-regulate the amygdala while performing a cognitive reappraisal 
task of trauma related words. The authors report successful down-
regulation of the bilateral amygdala and increased connectivity with 
medial and lateral prefrontal control regions during regulation. 
Furthermore, nine patients with PTSD learned voluntary regulation of 
the anterior cingulate cortex (ACC) in a social NF paradigm (Zweerings 
et al., 2018). Two other studies reported clinically meaningful reduction 
in PTSD symptoms after amygdala down-regulation training in PTSD 
(Gerin et al., 2016; Zotev et al., 2018). While these studies suggest a 
potential positive effect of rt-fMRI NF on enhancing self-regulation and 
improving symptoms in patients with PTSD, generalizability is limited 
by the small sample sizes. Importantly, none of the studies found an 
association between symptom improvement and brain responses. 
Moreover, despite increasing evidence for the maintenance of neural 
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regulatory control acquired during NF trainings in the absence of feed-
back and for periods of several days (Rance et al., 2018; Yao et al., 2016; 
Zhao et al., 2019) the transfer of the acquired strategies to everyday life 
and the perceived efficiency have not been systematically examined in 
PTSD. 

In the present study, we therefore investigated the clinical potential 
of the rt-fMRI NF guided cognitive reappraisal training in individuals 
with PTSD. More specifically, we aimed to determine the clinical po-
tential of this approach according to different success markers on the 
neural and behavioral level: (1) neurofeedback induced changes in the 
responsivity of the left lateral prefrontal cortex and the bilateral 
amygdala during the processing of aversive scenes compared to cogni-
tive reappraisal alone, (2) associated changes in well-being indicated by 
a reduction in PTSD symptoms and improved affect ratings at follow-up, 
(3) clinical utility indicated by acceptance ratings, perceived efficacy, 
and transference of the learned cognitive reappraisal strategies to 
difficult situations in daily life up to four weeks after the training. 

As a validation of the implemented paradigm, we expected that 
cognitive reappraisal of negative scenes in both groups would be asso-
ciated with higher BOLD activation in regions of the emotion regulation 
network (Kohn et al., 2014; Sarkheil et al., 2019). 

2. Methods 

2.1. Study protocol 

The study included three visits: (1) initial assessment and introduc-
tion of cognitive reappraisal, (2) neurofeedback training and (3) follow- 
up interview four weeks after the NF training (see Fig. 2A). The study 
was conducted at the RWTH Aachen University Hospital and approved 
by the local Ethics Committee (EK 023/14). Human research was con-
ducted according to the standards established by the Code of Ethics of 
the World Medical Association (Declaration of Helsinki, 2008). The 
study was pre-registered in the German register for clinical studies 
(DRKS00006109). 

Visit 1 included the initial self-assessment of PTSD symptom severity 
using a German trauma inventory in the patient cohort (Essener Trauma- 
Inventar-Traumasymptomatik (ETI-TS); Tagay et al., 2007). The ques-
tionnaire provides a total score as an indicator of the severity of the 
experienced posttraumatic symptoms (including dissociative symp-
toms), as well as scores on four subscales: Intrusion, avoidance, hyper-
arousal, and dissociation. Furthermore, all participants completed a 
diagnostic screening as well as a full diagnostic interview when indi-
cated. In addition, the German version of the Hospital Anxiety and 
Depression Scale (HADS; Herrmann-Lingen et al., 2011), a verbal in-
telligence test (Wortschatztest – WST; Schmidt and Metzler, 1992), a 
working memory test (digit-span task), and the German version of the 
Thought Control Questionnaire - Revised (TCQ-R; Wells and Davies, 
1994) were administered. The affective state was measured with the 
Positive and Negative Affect Scale (PANAS; Watson et al., 1988). All 
participants were introduced to the application of CR strategies by an 
experienced psychologist. 

Visit 2 included the functional localizer task followed by the neu-
rofeedback training in a cross-over design with randomized order (see 
Fig. 2B). In addition, arousal and valence levels were measured using the 
Self-Assessment Manikin (SAM) scale ranging from 1 (no arousal/high 
negative affect) to 9 (high arousal/high positive affect) after each NF 
and NoNF run. After completion of the MRI acquisition, participants 
indicated in a structured interview if they subjectively experienced 
control over their brain signals, the intensity of the experienced control, 
and the perceived efficiency of the reappraisal strategies on a Likert 
scale ranging from 0 to 10 (0 = not at all, 10 = very much). At the end of 
Visit 2, participants were asked to rate each picture displayed during the 
training according to the perceived valence and arousal (SAM rating) in 
a standardized questionnaire. 

Visit 3 included the follow-up interview approximately four weeks 

after the neurofeedback training in individuals with PTSD only. The 
current PTSD symptom severity and affective state was measured by the 
ETI-TS and the PANAS, respectively. In addition, participants were 
asked if they (1) used the strategies in daily life, (2) perceived the 
learned strategies as helpful, (3) would like to repeat the training, and 
(4) if they would recommend the training. This follow-up interview was 
introduced to assess the feasibility of the approach for generalization of 
the learned strategies as well as acceptance and perceived usefulness. 

2.2. Participants 

A total of 25 right-handed, unmedicated individuals (10 females) 
with a diagnosis of PTSD after a single traumatic event according to the 
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR) 
criteria (American Psychiatric Association, 2000) participated in this 
study. In addition, 21 right-handed healthy individuals (9 females) were 
recruited via advertisement in the RWTH Aachen University Hospital. 
PTSD patients were recruited from the specialized outpatient clinic for 
trauma associated disorders ‘Euregio Institut für Psychosomatik und 
Psychotraumatologie’ and the psychiatric department of the RWTH 
Aachen University Hospital. Diagnosis was established by experienced 
psychotherapists and confirmed using the German version of the 
Structured Clinical Interview for assessment of DSM-IV-TR criteria 
(SCID-I; American Psychiatric Association, 2000). 

A diagnostic screening confirmed no history of psychiatric disorders 
in the healthy controls (HC). MRI contraindication, pregnancy, severe 
affective disorders or substance dependence, multiple traumatic events 
since childhood and acute somatic or neurologic disorders served as 
exclusion criteria. All participants had normal or corrected to normal 
vision, adequate knowledge of the German language and were right- 
handed. 

A total of five individuals with PTSD did not complete the MRI as-
sessments (see Fig. 1 for a detailed description of the inclusion pathway). 
Data of the remaining 20 individuals with PTSD was included in the final 
analysis. All patients developed PTSD after the experience of a single 
traumatic event (traffic accident (n = 7), interpersonal violence 
(n = 12), direct confrontation with the death of a close relative (n = 1)). 
This selection criterion was introduced to facilitate a homogenous 
sample based on observations of distinct profiles of PTSD and complex 
PTSD (Karatzias et al., 2017). Patients with multiple and complex 
traumatization show increased rates of childhood traumatization, co-
morbid disorders as well as higher functional impairment (Karatzias 
et al., 2017; Letica-Crepulja et al., 2020). Accordingly, the inclusion of 
PTSD after the experience of a single traumatic event allowed for a 
disease-specific investigation of regulation mechanisms and associated 
deficits that is less distorted by complex comorbid symptom profiles. 

All participants gave written informed consent after receiving oral 
and written information about the study procedure. Participants 
received a monetary reward as a compensation for their time invested in 
the study. The consensus on the reporting and experimental design of 
clinical and cognitive-behavioral neurofeedback studies (CRED-nf 
checklist; Ros et al., 2020) was included in the supplementary materials 
(S1). 

2.3. Cognitive reappraisal training 

The experimental design was adapted from a study on rt-fMRI NF 
guided cognitive reappraisal in healthy individuals that was previously 
validated in our research group (Sarkheil et al., 2015). During Visit 1, all 
participants received instructions on cognitive reappraisal by a trained 
psychologist. This meeting had a twofold purpose: it served as an 
introduction to cognitive emotion regulation and ensured that the PTSD 
patients felt confident regarding the confrontation with negative scenes 
in the scanner. During the training session (approximately 45 min), 
participants were encouraged to reduce the negative affect elicited by 
the aversive scenes by conceptualizing the depicted scenario in a less 
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negative way. Cognitive reappraisal strategies included 1) imagining 
that the situation improves in the future, 2) generating alternative ex-
planations (imagining that the situation is better than it seems) or 3) 
imagining that the situation is not real (e.g. part of a movie). Further-
more, participants learned about the concept of rt-fMRI NF and were 
informed about distortions of the NF signal by physiological noise. 
Accordingly, participants were asked to focus on the general trend in 
feedback success instead of single trial results. 

2.4. Functional localizer task 

Visit 2 started with a functional localizer task that defined each 
participants’ individual target region in the left lateral prefrontal cortex 
(lPFC). During the functional localizer, participants had to either view or 
reappraise negative scenes without receiving feedback on their BOLD 
activation. After completion of the task, a 3 × 3 × 3 cubic sphere was 
defined around the peak voxel activation in the lPFC based on the 
contrast reappraise versus view (reappraise > view) for each individual. 
The BOLD signal from this region served as feedback signal throughout 
the neurofeedback training. A combined anatomical and functional 
approach for defining a target region is commonly implemented in rt- 
fMRI NF studies focusing on emotion regulation (Nicholson et al., 
2017; Paret et al., 2014, 2016). This approach enables the definition of 
comparable ROIs across groups while accounting for individual differ-
ences in specific functional localization. Groups did not differ with re-
gard to the number of activated voxels (PTSD: 26.8 ± 12.0, HC: 
28.1 ± 11.0; t(39) = − 0.36, p > .2;). 

2.5. Neurofeedback paradigm 

After completion of the functional localizer task, participants had to 
complete two experimental (NF) and two control (NoNF) runs in a cross- 
over design with randomized order. Participants were instructed to in-
crease the hemodynamic response in the individually assigned ROIs by 
using cognitive reappraisal strategies. Each of the four runs comprised 
nine view/reappraise cycles. The ‘view’ blocks were indicated by an ‘x’ 
and participants were instructed to respond naturally to the negative 
scenes. The ‘reappraise’ blocks were cued with a ‘+’ and participants 
were asked to use a cognitive reappraisal strategy to reduce the elicited 
negative affect. Each image was displayed for 12 s followed by a fixation 
cross that was presented for 6 s to account for the hemodynamic delay. 
During the two NF runs, regulation phases were followed by a two-digit 
number (1 to 99) reflecting 0 to 1 percent signal change in the desig-
nated ROI (see Fig. 2). The feedback was calculated as the difference in 
mean BOLD signal extracted from the individual ROI during each view/ 
reappraise cycle separately. In order to increase comprehensibility, the 
percent BOLD signal change was multiplied by 100 to enable display of 
two-digit numbers ([meanBOLD(reappraise) − meanBOLD(view)]× 100). 

Control (NoNF) condition. Building on our previous work in healthy 
individuals (Sarkheil et al., 2015) and in parallel to a study by Herwig 
et al. (2019) feedback was only displayed during the two NF runs. 
Contrary to the NF condition, two percentage signs (‘%%’) were dis-
played after view or regulate trials in the NoNF condition. The main 
focus of our investigation was the evaluation of the feasibility and effects 
of the present NF approach in the PTSD cohort to inform future in-
vestigations. However, rigorous double-blind and controlled trials 
implementing – amongst other options – a control region that is not 
related to emotion regulation are needed to replicate and solidify the 
present findings (e.g. Paret et al., 2019). 

Randomization. To reduce biases in the data due to order effects (e.g. 
training effects regarding the use of cognitive reappraisal strategies or 
fatigue), the order of the treatment–control sequences was randomized 
separately for each group. Assignment of each participant to one of the 
two sequences (Sequence A: NF – NoNF; Sequence B: NoNF – NF) fol-
lowed a blocked randomization list. 

While both – intermittent and continuous feedback – proves suitable 
for the regulation of brain signals, the nature of our task paradigm 
prompted us to implement intermittent feedback to reduce dual-task 
interference. Furthermore, a recent study indicated that intermittent 
feedback paradigms may be superior for shaping neural activity 
compared to continuous feedback – particularly in the context of 
amygdala regulation (Hellrung et al., 2018). However, in general the 
data base is inconclusive and the choice strongly depends on specific 
aspects of the design and research question (for a discussion see Paret 
et al., 2019). 

2.6. Stimuli 

Fifty-four pictures were selected from the International Affective 
Picture System (IAPS; Lang et al., 2008; see Appendix 1 for a list of 
included IAPS pictures) and subjected to one of three groups: (1) traffic 
accident, (2) interpersonal violence, and (3) pictures with negative 
valence that are unrelated to the former categories. This selection and 
categorization were based on an ongoing discussion in the literature 
trying to resolve the question if patients with PTSD exhibit a general 
deficit in emotion regulation or if impairments are specific to trauma- 
related stimuli (Hayes et al., 2012a, 2012b). Categorization of pictures 
was affirmed by expert ratings. Six pictures were excluded based on 
insufficient inter-rater agreement resulting in a final stimulus set of 48 
pictures. Pictures in the three categories were matched regarding 
valence (traffic accident: 2.5 ± 1.5, interpersonal violence: 2.6 ± 1.6, 
unrelated: 2.7 ± 1.6) and arousal ratings (traffic accident: 6.0 ± 2.1, 
interpersonal violence: 6.3 ± 2.2, unrelated: 6.0 ± 2.2). 

Fig. 1. Flow-chart for the selection of individuals with PTSD. A total of n = 54 
patients expressed their interest in study participation. A subsample of n = 25 
patients was eligible for participation based on study in- and exclusion criteria 
after the screening. After visit 1 (diagnostics), three patients did not continue 
the study. Accordingly, 22 individuals were randomly assigned to one of two 
groups for visit 2 (Sequence A: NF runs first, followed by NoNF runs and 
Sequence B: NoNF runs first, followed by NF runs). Assignment to one of these 
groups was performed immediately prior to scanning following a blocked 
randomization list. Data of 20 valid completers was analyzed. One data set was 
lost for analyses of follow-up assessment due to a failed re-contact. 
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2.7. Data acquisition 

MR imaging data was acquired with a 3.0 Tesla Siemens MAGNE-
TOM Prisma whole-body MRI system (Siemens Medical Solutions, 
Erlangen, Germany). A 20-channel head coil array was used for signal 
measurement. 

A single-shot echo-planar imaging (EPI) sequence with the following 
parameters was used for the acquisition of 230 volumes in each func-
tional imaging run (~7.7 min): acquisition matrix: 64 × 64, slice thick-
ness: 3 mm, 0.8 mm gap, time of repetition (TR)/echo time (TE): 2000/ 
27 ms, flip-angle: 90◦, 34 transverse slices per volume that were ac-
quired in interleaved order, voxel size: 3 × 3 × 3 mm. Five functional 
images in the beginning of each run were discarded to ensure stable 
signal intensities. 

A T1-weighted magnetization-prepared rapid gradient-echo 
(MPRAGE) sequence provided an anatomical image of each partici-
pant (TR/TE: 2300/2.98 ms, FOV: 256 × 256 mm2, inversion time (TI): 
900 ms, 1 mm isotropic voxels, 0.5 mm gap, flip-angle: 9◦, 176 sagittal 
slices, duration: ~6.5 min). 

2.8. Online data analysis 

Turbo-BrainVoyager 3.0 (Brain Innovation, Maastricht, The 
Netherlands) was used for the real-time processing and analysis of fMRI 

images. Online preprocessing steps included 3D motion correction 
(alignment of each volume to the first (reference) volume), linear trend 
removal, spatial smoothing (3 mm Gaussian smoothing kernel) and 
temporal filtering (drift removal). The graphical brain-computer inter-
face and calculation of the displayed feedback values was based on 
custom scripts running under Matlab R2014a (The MathWorks Inc., 
Natick, MA) that allowed for a dynamic stimulus and feedback 
visualization. 

2.9. Offline data analysis 

Offline fMRI data analysis was performed with the Statistical Para-
metric Mapping (SPM 12, Wellcome Trust Center for Neuroimaging, 
London, UK) software based on Matlab R2018a (The MathWorks Inc., 
Natick, MA). Analyses of psychometric data and extracted ROI values 
were performed with IBM SPSS Statistics Version 20.0 (IBM Corp, 
Armonk, NY). 

Preprocessing. The following steps were performed for preprocessing 
of the imaging data: motion correction was integrated via realignment of 
all volumes to the first volume, functional and structural images from 
each subject were aligned and normalization of the data was achieved by 
transformation into MNI space. Images were spatially smoothed with an 
8 mm FWHM Gaussian kernel to increase signal-to-noise-ratio. The first- 
level analysis included calculating a general linear model (GLM) on 

Fig. 2. (A) Experimental protocol. Participants completed 3 Visits. At Visit 1 cognitive reappraisal strategies were trained and an initial assessment including 
symptom status, diagnostics, and questionnaires took place. Visit 2 included the functional localizer task to define the target region in the left PFC and the neu-
rofeedback training. Visit 3 comprised a follow-up interview to assess changes in PTSD symptoms and the affective state. Additionally, transfer to daily life, 
acceptance and helpfulness were examined. (B) rt-fMRI neurofeedback experimental design. All participants completed two NF and two NoNF runs. Each run 
comprised 9 view-reappraise cycles. On ‘view’-trials, participants were asked to respond naturally to each picture; on ‘reappraise’-trials, participants had to reap-
praise the pictures in order to reduce the elicited negative affect. Each aversive scene was presented for 12 s followed by a 6 s fixation cross interval and 4 s of 
(pseudo-) feedback display. Pictures do not represent the original IAPS picture base material due to copy right regulations. 
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single-subject level and removal of low frequency drifts with a 128 s 
high-pass filter. The reappraise condition entered the GLM as experi-
mental regressor and the view condition was modelled as high-level 
baseline. Accordingly, at the group level, the entered parameter esti-
mates represented the regulate responses relative to the view responses 
(regulate > view). The six motion parameters entered the analysis as 
nuisance regressors to account for movement artifacts. 

Functional localizer task. A whole-brain GLM was calculated with the 
baseline-corrected beta-values (reappraise > view). Three one sample t- 
tests were carried out to evaluate the changes in BOLD response asso-
ciated with the use of cognitive reappraisal strategies for each group 
separately as well as the joint group (PTSD, Controls, All). An inde-
pendent sample t-test assessed group differences (PTSD, Controls). A 
stepwise thresholding approach was implemented (Woo et al., 2014). 
On the first stage, a voxel-wise threshold of p < .001 identified supra-
threshold voxels. On a consecutive stage, random field theory (RFT) was 
applied to define a cluster threshold controlling for the family wise error 
rate (FWE; pFWE < 0.05). 

ROI analysis. Based on the primary registered outcome of the present 
study, the ROI analysis included the left lateral prefrontal cortex and the 
bilateral amygdala. The MarsBaR 0.44 region of interest toolbox for SPM 
was used to extract parameter estimates from the designated ROIs 
(regulate > view). Both ROIs were selected from the automatic 
anatomical labeling (AAL) atlas. The ROI in the left lateral PFC was 
selected based on the results from the functional localizer task indicating 
peak activation in the left inferior frontal gyrus (IFG) pars triangularis. 
The central role of this region for cognitive reappraisal is also in line 
with the literature (Zilverstand et al., 2017). The reappraise condition 
served as experimental regressor and the view condition was modelled 
as high-level baseline. Extracted parameter estimates were analyzed in a 
2x2x2 ANOVA with the within-subjects factors Condition [NF, NoNF], 
ROI [amygdala, IFG], and the between-subjects factor Group [PTSD, 
Control]. Post-hoc t-tests identified significant differences underlying 
the main and interaction effects. 

2.10. Psychological measures 

Independent sample t-tests were carried out to compare anxiety and 
depression scores between groups as well as the use of cognitive reap-
praisal strategies (TCQ-R), age, educational level, IQ (WST), and 
working memory performance (digit span). A chi-square test investi-
gated differences in gender ratios between groups. Paired-sample t-tests 
investigated changes in PTSD symptom scores and affective state from 
baseline to follow-up measurement. According to our a priori hypothe-
ses assuming an improvement of PTSD symptomatology and the affec-
tive state (i.e. increased positive and decreased negative affect) after the 
training, one-tailed tests were employed. 

Two separate 2 × 2 repeated measures ANOVAs with the within- 
subject factor Condition [NF, NoNF] and the between-subject factor 
Group [PTSD, Control] were performed to assess differences in valence 
and arousal ratings (SAM ratings) between conditions and groups. 
Furthermore, results of the post-rating questionnaire – indicating the 
subjectively perceived valence and arousal of each individual picture – 
were analyzed using two separate 3 × 2 repeated measures ANOVAs 
with the within-subjects factor Picture Category [traffic accident, 
interpersonal violence, unrelated] and the between-subjects factor 
Trauma Type [traffic accident, interpersonal violence] for valence and 
arousal SAM ratings in individuals with PTSD. 

2.11. Brain-behavior relationship 

Associations between the parameter estimates from the amygdala 
ROI (regulate > view) with the reported symptom change 
(ETI Total score [baseline]-ETI Total score [Follow-up]) and the change 
in the affective state ((PANAS positive affect [Follow-up] −
PANAS positive affect [baseline]); and (PANAS negative affect 

[baseline]-PANAS negative affect [Follow-up]) ) were calculated. 
Accordingly, a positive change score always indicated an improvement 
of symptoms or the affective state. Based on the directionality of our a 
priori hypotheses assuming a negative association between parameter 
estimates during neurofeedback and change scores for PTSD symptom-
atology and the affective state, one-tailed tests were employed. 

3. Results 

3.1. Clinical and demographic data 

No statistically significant differences between groups emerged 
regarding age, educational level, parental education, verbal IQ and 
working memory (all p ≥ 0.05; see Table 1). Furthermore, a Pearson Chi- 
Square test revealed no significant differences in the gender ratio be-
tween groups (X2 (1,41) = 0.02, p > .2). In the PTSD group, ETI-PTSD 
scores at baseline are indicative of partial PTSD (25.8 ± 9.6; cut-off 
values: 0–16: unremarkable symptoms, 17–26: partial PTSD, 27–51: 
clinically remarkable). ETI-total scores including dissociative symptoms 
are shown in Table 1. A validation study showed that average total 
scores in a group of healthy individuals (n = 143; 13.0 ± 13.2) and pa-
tients with mental illnesses including patients in a victim outpatient 
department (n = 287; 25.8 ± 16.6) were lower compared to the data in 
our sample. In line with our expectations, individuals with PTSD showed 
significantly higher HADS-scores compared to healthy controls (HC) 
indicating increased anxiety (t(39) = 5.99, p < .001) and depression 
levels (t(39) = 4.60, p < .001). While scores in the control group were 
unsuspicious, scores in the PTSD group indicated mildly elevated anxi-
ety and depression levels. In line with the anxiety and depression scores, 
individuals with PTSD showed higher levels of negative affect (PTSD: 
25.9 ± 6.8, Controls: 15.9 ± 5.3; t(39) = 5.2, p < .001) and lower posi-
tive affect compared to healthy individuals (PTSD: 29.6 ± 5.3, Controls: 
34.2 ± 4.9; t(39) = -2.9, p < .01) at baseline. Interestingly, the use of 
cognitive reappraisal strategies did not differ between groups (TCQ-R; t 
(37) = -0.09, p > .2). The repeated measures ANOVA to analyze the 
valence ratings during the neurofeedback training (Condition [NF, 
NoNF]) ×Group [PTSD, Control]) revealed a significant main and an 
interaction effect on trend-level only (Condition (F(1,39) = 3.0, p = .09, 
ηp2 = 0.072); Condition ×Group: F(1,39) = 3.0, p = .09, ηp2 = 0.072) 
indicating higher valence ratings (=higher positive affect) after NF runs 
as compared to NoNF runs in PTSD (NF: 6.9 ± 1.1, Control: 6.3 ± 1.6; t 
(19) = 2.05, p = .06) but not in healthy individuals (NF: 7.0 ± 1.5, 
Control: 7.0 ± 1.5; t(20) = 0.00, p > .2). No significant main or interac-
tion effects emerged for arousal ratings (all p > .1). 

Furthermore, results of the 3x2 repeated measures ANOVAs with the 
within-subjects factors Picture Category [traffic accident, interpersonal 

Table 1 
Sample characteristics.   

PTSD (n = 20) HC (n = 21) Comparison  

Mean SD Mean SD t p 

Age (years)  45.5  12.2  44.1  10.9 0.36 0.72 
Education (years)  14.3  2.1  14.8  2.1 -0.74 0.46 
Parental education (years)*  12.2  3.2  12.0  3.0 0.19 0.85 
Reappraisal (TCQ-Ra)**  15.2  3.5  15.3  3.0 -0.09 0.93 
Verbal IQ (WSTb)**  29.3  8.0  33.1  3.0 − 1.99 0.05 
Digit span  7.6  2.0  8.2  1.4 − 1.12 0.27 
HADS – Anxietyc  9.8  4.1  3.3  2.6 5.99 0.00 
HADS – Depressionc  7.3  4.5  2.0  2.3 4.60 0.00 
ETId  29.3  12.2   2.9 0.01 
ETId Follow-up**  23.7  16.6   

*2 data points missing, ** 1 data point missing. 
a TCQ-R = Thought Control Questionnaire-Reappraisal. 
b WST =Wortschatztest. 
c TCQ-R. 
d Essener Trauma Inventar – Traumasymptomatik (ETI-TS): Total score. 
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violence, unrelated] and the between-subjects factor Trauma Type 
[traffic accident, interpersonal violence] showed no significant main or 
interaction effects for both, valence and arousal ratings. Accordingly, 
results indicate no significant differences in the subjectively perceived 
valence and arousal of trauma-specific versus unrelated negative stimuli 
in individuals with PTSD after the experience of a traffic accident 
compared to the experience of a trauma due to interpersonal violence. 

3.2. Quality assessment 

The AQuA toolbox was used for standardized quality assessment 
(Stöcker et al., 2005). The toolbox calculates volume by volume ratio of 
signal change within a mask as compared to the signal outside of the 
mask. Mean percent signal change (PSC) of all participants across NF 
and NoNF runs did not exceed 5%. Two participants (one in the PTSD 
group) had a single-run PSC value exceeding this threshold. Inspection 
of the first-level results of these participants did not reveal visually 
detectable motion artefacts. Furthermore, exclusion of the respective 
subjects from the primary outcome analysis did only result in minimal 
changes in results that did not have any impact on data interpretation. 
Accordingly, data of both participants were included for data analysis. 
Average PSC values did not differ significantly between groups (PTSD: 
2.5 ± 0.79, Controls: 2.5 ± 0.66; t(39) = − 0.24, p > .2). 

3.3. Cognitive reappraisal task 

Whole-brain analysis of cognitive reappraisal associated changes in 
BOLD signal during the functional localizer task revealed involvement of 
similar neural networks in patients with PTSD and healthy controls 
(HC). No group differences emerged at the implemented threshold 
(voxel-wise p < .001; cluster-wise pFWE < 0.05). Elevated BOLD signal 
activation during reappraisal phases compared to view phases in all 
participants was evident in a wide-spread network with the peak acti-
vation in the left lateral prefrontal cortex – and more specifically the left 
inferior frontal gyrus. Furthermore, the activation pattern included the 
supplementary motor area (SMA), precentral and middle frontal gyrus, 

superior and middle temporal gyri (STG/MTG), thalamus, caudate 
nuclei, insula, occipital regions, and the cerebellum (see Fig. 3). A 
detailed list of the involved brain regions with activation peaks and the 
associated coordinates as well as cluster sizes is provided in Table 2. A 
ROI analysis investigating differences in the bilateral IFG between 
healthy individuals and PTSD patients revealed no significant interac-
tion effect between the factors ROI (left vs. right) and Group (PTSD vs. 
HC; F(1,39) = 0.62, p > .1). 

3.4. ROI analysis 

The 2 × 2 × 2 mixed model ANOVA with the within-subjects factors 
Condition (NF, NoNF) and ROI (left IFG, bilateral amygdala) and the 
between-subjects factor group (PTSD, HC) revealed significant main 
effects of Condition (F(1,39) = 7.12, p = .01, ηp2 = 0.154) and ROI (F 
(1,39) = 34.84, p = .00, ηp2 = 0.472). Furthermore, the interaction be-
tween Condition and ROI was significant (F(1,39) = 5.11, p = .03, 
ηp2 = 0.116). All other main effects and interactions were not significant 
(p > .1). Post-hoc tests indicated higher parameter estimates during the 
NoNF condition compared to NF in the left IFG (t(40) = -2.92, p = .006, 
d = 0.54) and a reduced amygdala response during NF (t(40) = − 2.07, 
p = .045, d = 0.33; Fig. 4A). While the attenuated response of the 
amygdala was in line with our a priori hypotheses, the relative increase 
in BOLD signal activation in the left PFC during the NoNF condition was 
unexpected. On a descriptive level, both groups showed a similar 
response pattern for the NF target region (PTSD NF: 0.18 ± 0.24; PTSD 
NoNF:0.29 ± 0.28; HC NF: 0.11 ± 0.24; HC NoNF 0.26 ± 0.33). As a 
probe for regional specificity of the NF training, we selected the bilateral 
occipital lobe to compare regional BOLD responses. No significant dif-
ferences between conditions were observed for this region (t 
(40) = − 1.33, p = .19). 

3.5. Association between neural training success with symptom change 
and negative affect 

To assess associations between individual changes in symptom scores 

Fig. 3. Neural correlates of cognitive reappraisal during the functional localizer task. The whole-brain analysis revealed engagement of a wide-spread neural network 
during emotion regulation including bilateral prefrontal cortex, SMA, precentral gyrus, superior and middle temporal gyri, thalamus, caudate nuclei, occipital re-
gions, and cerebellum. No significant group differences emerged at the implemented threshold. 
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and amygdala responsivity as well as changes in affect four weeks after 
the training, correlational analyses were performed. In line with our 
expectations, a moderate negative association between individual 

changes in symptom scores and amygdala responses emerged, indicating 
that lower amygdala responses during NF predicted higher symptom 
improvement (r = − 0.42, p = .037). The same pattern emerged for 
negative affect (r = − 0.63, p = .002) indicating a strong relationship 
between amygdala responses and changes in negative affect ratings (see 
Fig. 4B). No such association was observed for positive affect (r = − 0.26; 
p > .1) confirming the specificity of the findings. 

3.6. Post-training assessments 

3.6.1. Changes in symptom ratings 
Decrease of PTSD total symptom scores from baseline to follow-up 

was significant (5.5 ± 8.5; t(18) = 2.9, p = .006, d = 0.65). The mini-
mal clinically important difference (MCID) was defined based on the 
standard error of measurement (SEM = 8.5*

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 − .95

√
= 1.9). According 

to this distributional approach, a change in symptom scores is consid-
ered a meaningful change if it exceeds 1.96*SEM (for review see Rai 
et al., 2015). Indeed, this requirement is fulfilled in the current sample 
for mean change rates (4.8 >MCID (3.7)). Investigating the MCID on an 
individual level indicated meaningful changes in 50% of the participants 
with an average reduction in symptom scores of 12.3 points (±4.3). In 
an exploratory analysis, changes on the four subscales of the PTSD 
symptom inventory were investigated: intrusion, avoidance, arousal, 
and dissociation. After Bonferroni correction for multiple comparisons, 
changes for the intrusion (1.9 ± 3.3; t(18) = 2.5, p = .012, d = 0.3) and 
avoidance subscales (1.6 ± 2.9; t(18) = 2.5, p = .012, d = 0.5) but not 
the hyperarousal (1.1 ± 2.7; t(18) = 1.7, p = .053) and dissociation 
(0.9 ± 2.9; t(18) = 1.4, p = .092) domains remained significant (see 
Fig. 5A). 

3.6.2. Changes in affect ratings 
In addition to PTSD symptomatology, changes in the affective state 

four weeks after NF training were assessed. Results indicate a significant 
increase in positive affect (3.1 ± 5.9; t(17) = 2.2, p = .02, d = 0.6). 
Furthermore, a decrease with regard to negative affect was observed 

Fig. 4. ROI analysis and brain behavior relationship. (A) Extracted parameter estimates (regulate > view) of the bilateral amygdala (ROI indicated in red) revealed 
attenuated activation during neurofeedback (NF) as compared to regulation without NF (NoNF). In the left IFG (ROI indicated in blue), values were higher during the 
NoNF runs as compared to the NF runs. The error bars represent standard errors of the means. *p < .05, Loc = functional localizer. (B) Amygdala responsivity during 
NF was negatively associated with PTSD symptom change and negative affect. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 2 
List of activation peaks associated with cognitive reappraisal.  

Cluster Brain region MNI coordinates T kE   

x y z   

All (reappraise > view) 
1 Left IFG triangularis − 44 30 2  8.95 2019 
2 SMA extending to middle 

frontal gyrus 
− 8 6 64  7.38 3541 

3 Left caudate nucleus − 14 − 6 10  6.6 748 
4 Right cerebellum, inferior/ 

middle occipital gyrus 
30 − 68 − 24  6.52 3585 

5 Left STG, MTG − 48 − 46 22  6.06 2177 
6 Left cerebellum (extending to 

left fusiform gyrus) 
− 38 − 64 − 24  5.52 1595 

7 Right insula, inferior 
orbitofrontal cortex, caudate 
nucleus 

42 24 − 4  4.8 752 

8 Right STG, MTG 46 − 30 − 4  4.77 250 
Controls (reappraise > view) 
1 Left IFG − 46 26 6  9.65 897 
2 Left cerebellum crus − 40 − 66 − 26  6.33 730 
3 Left STG, angular, 

supramarginal 
− 48 − 46 22  6.11 234 

4 SMA − 8 6 62  5.95 532 
5 Right fusiform gyrus, 

cerebellum 
42 − 60 − 22  5.82 892 

6 Left thalamus, caudate − 12 − 10 8  5.53 300 
7 Left MFG, precentral gyrus − 38 8 60  5.15 552 
8 Right IFG 50 22 6  4.91 428 
PTSD (reappraise > view) 
1 Left precentral gyrus − 42 4 60  5.47 264 
2 Left IFG − 42 30 4  5.39 552 
3 Right middle occipital lobe, 

fusiform gyrus, cerebellum 
34 − 84 0  5.00 592 

4 SMA − 2 16 72  4.98 541  
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(3.5 ± 7.2; t(17) = 2.1, p = .028, d = 0.43) in individuals with PTSD (see 
Fig. 5B), however, only the change in positive affect scores survived 
Bonferroni correction for multiple comparisons. 

3.6.3. Qualitative assessment 
Apart from one individual, all participants with PTSD reported that 

they experienced control over their brain activation during the NF 
training (95%). In addition, individuals with PTSD rated the perceived 
intensity of control on a scale from 1 to 10 resulting in an average rating 
of 6.4 (±2.2). Perceived control did not differ between groups (healthy 
controls 5.4 ± 3.1; t(39) = 1.1, p > .1). The same accounts for the 
perceived efficiency of the use of cognitive reappraisal strategies (PTSD: 
7.0 ± 1.5; controls: 7.0 ± 1.9; t(39) = − 0.1, p > .1). 

In the follow-up interview, translation to daily life was assessed. 75% 
of PTSD patients indicated that they used the learned strategies during 
the past month. In this group, all but one participant indicated that the 
application of strategies was helpful. Furthermore, acceptance of the 
training was evaluated in the clinical cohort at follow-up based on two 
aspects: 1) willingness to repeat the training and 2) likelihood of 
recommendation. Our results show that all patients would repeat the 
training and recommend it to a friend. Accordingly, generalization of 
strategies to negative scenes in daily life, perceived helpfulness and 
acceptance of the training were high. 

4. Discussion 

We investigated the potential of rt-fMRI NF guided cognitive reap-
praisal training in individuals with PTSD after a single traumatic event 
and healthy individuals with regard to three markers: 1) the voluntary 
control of brain activation in key emotion regulation areas, 2) associated 
changes in well-being four weeks after the training, and 3) the perceived 
efficacy and acceptance of the training as well as transfer of strategies to 
daily life. Our findings reveal involvement of key emotion regulation 
regions during cognitive reappraisal indicating the feasibility of the 
implemented design. During NF runs compared to NoNF runs, partici-
pants showed attenuated amygdala responses (d = 0.33) with the 
strengths of the attenuation on the neural level being associated with 

stronger PTSD symptom reduction (r = − 0.42) and decreased negative 
affect (r = − 0.63) four weeks after the training in the PTSD group. 
Symptom improvement exceeded the MCID and corresponded to a 
moderate effect size (d = 0.64). Surprisingly, BOLD activity in the left 
lPFC was reduced during NF as compared to the NoNF condition 
(d = 0.54). Most individuals with PTSD indicated to have experienced 
control over the feedback signal and efficiency of the applied strategies. 
Importantly, 75% of the individuals with PTSD used the learned stra-
tegies when exposed to distressing situations in their daily life during the 
one-month follow-up period. Application of strategies was perceived as 
helpful and acceptance ratings were high indicating a clinical potential 
of the training and successful transfer into real-life situations. Our 
findings extend previous studies by indicating an association between 
amygdala responses during NF training and symptom and affect 
improvement four weeks later in individuals with PTSD due to a single 
traumatic event. Furthermore, the follow-up suggests beneficial transfer 
effects of the training in terms of skill use one month after the training – 
however, distortion of the follow-up interview by response biases cannot 
be excluded. The clinical outcomes have to be replicated in a random-
ized controlled trial implementing a between-subjects design. 

4.1. Emotion regulation task 

Analysis of the data of the current cohort indicates that both, PTSD 
patients and the healthy reference group, successfully engaged a wide- 
spread emotion regulation network during the emotion regulation task 
including the bilateral IFG extending to dorsolateral PFC, bilateral 
middle and superior temporal gyri, left supramarginal gyrus, SMA, 
bilateral insula, bilateral caudate nucleus, thalamus, fusiform gyrus and 
cerebellum. This is largely in accordance with previous neuroimaging 
studies of the voluntary regulation of emotional responses (Kohn et al., 
2014). In a similar paradigm, Sarkheil et al. (2015) found BOLD acti-
vation differences for the contrast ‘reappraise > view’ in the inferior and 
middle frontal gyri, superior and middle temporal gyri, occipital gyrus, 
thalamus, and caudate nucleus. It has been suggested that recruitment of 
the dorsolateral PFC reflects involvement of attentional and working 
memory processes during cognitive reappraisal while the ventrolateral 

Fig. 5. Changes in symptom and affect ratings. (A) Changes in symptom scores on the subscales of the ETI trauma inventory from baseline to follow-up. Changes for 
the intrusion and avoidance subscales were significant. (B) Changes in affective state as measured by the PANAS from baseline to follow-up. At baseline, individuals 
with PTSD showed reduced positive affect and an elevated level of negative affect compared to healthy individuals. Pre to post measurement changes indicate 
improved affective state four weeks after NF training. *p < .05. 
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PFC is implicated in the selection of appraisal (Buhle et al., 2014; 
Ochsner et al., 2012). After the initiation of reappraisal (ventrolateral 
PFC) and regulatory control (dorsolateral PFC), the SMA, STG and basal 
ganglia are involved in the generation of the new affective state (Kohn 
et al., 2014). While many neuro-biological models emphasize the role of 
the ventromedial PFC in this regulatory process, we did not observe any 
involvement of this brain region. However, the ventromedial PFC may 
be stronger involved in implicit emotion regulation (Etkin et al., 2015). 
Interestingly, a meta-analysis by Picó-Pérez et al. (2017) revealed that 
reinterpretation strategies - in contrast to distancing strategies – are 
associated with involvement of the left ventrolateral PFC and left STG. 
Our findings indicate peak activation in the left ventrolateral PFC during 
the reappraisal task – as well as temporal regions – further indicating 
specificity of the task. 

4.2. Neurofeedback effects 

Emotion regulation is an essential capability that allows us to 
respond to emotionally provoking situations in daily life in adherence to 
social norms (Gross, 2002). A higher reliance on adaptive emotion 
regulation strategies such as cognitive reappraisal is associated with 
positive health outcomes and reduced limbic responsivity (Fitzgerald 
et al., 2017, 2018; Price et al., 2006; Shepherd and Wild, 2014). Our 
data suggests that in both, healthy controls and individuals with PTSD, 
rt-fMRI NF of the left PFC may support attenuated amygdala responses 
to distressing stimuli. This replicates the main finding of a previous 
study in our research group in healthy individuals that showed signifi-
cantly lower responsivity of the amygdala during NF guided cognitive 
reappraisal of the left PFC (Sarkheil et al., 2015). Furthermore, findings 
are in line with studies in patients with PTSD that report feasibility of rt- 
fMRI NF to regulate limbic responses in this patient cohort (Nicholson 
et al., 2017; Zotev et al., 2018). A beneficial effect of neurofeedback 
procedures on PTSD symptomatology was also evident in previous 
studies. Gerin et al. (2016) as well as Zotev et al. (2018) reported clin-
ically important symptom reduction after the training. While PTSD 
symptoms were significantly reduced and affect was improved four 
weeks after the training, the current results extend the literature by 
offering first evidence for an association between regulation success and 
improved PTSD symptom severity as well as negative affect. This is in 
line with previous observations of a link between an adequate control of 
emotional responses with reduced limbic reactivity to negative stimuli 
and better health outcomes (Fitzgerald et al., 2017, 2018; Fonzo et al., 
2017). Interestingly, Malejko et al. (2017) observed in their systematic 
literature review a consistent association between successful psycho-
therapy in individuals with PTSD and reduced amygdala responsivity. At 
this point, we cannot clearly differentiate between the effects of the 
neurofeedback training and effects of the cognitive reappraisal training 
due to the implemented cross-over design. However, the observed as-
sociation between amygdala responses during neurofeedback runs but 
not reappraisal runs without NF with symptom and affect improvement 
one month after the training suggests that the effects extend beyond 
effects of the cognitive strategies alone. Findings by Zotev et al. (2018) 
suggest higher symptom improvement after NF training in the experi-
mental compared to the NoNF condition – however, differences between 
the experimental (n = 15) and the control group (n = 8) were not sig-
nificant. Accordingly, randomized clinical trials with follow-up assess-
ments including sufficiently large sample sizes are needed to define the 
added clinical value of rt-fMRI guided cognitive reappraisal. In partic-
ular, it is of interest to test the additional merit on patients who did not 
respond to cognitive reappraisal in a classical therapy setting. 

While our result of attenuated amygdala responses replicates find-
ings in our previous study (Sarkheil et al., 2015), activity increase 
during reappraisal in the left lateral PFC was lower during NF compared 
to the NoNF runs. Neurofeedback effects are highly variable across 
different individuals. For example, previous studies indicate substantial 
non-responder rates leading to a complex interaction pattern on group 

level that complicates data interpretation (Birbaumer et al., 2013). At 
this point, we cannot rule out the possibility that findings in the left PFC 
reflect a baseline increase within the target region. Individuals may have 
considered strategies to enhance regulation success prior to the actual 
regulation phase – i.e. during view periods. The feedback on brain 
activation may have promoted a premature strategy selection leading to 
the observed effect. Alternatively, the feedback may have guided the 
strategy selection process and hence led to less recruitment of cognitive 
resources such as reflected by reduced activity in the target region. 
Notably, Zimmermann et al. (2017) report impaired emotion regulation 
success in cannabis users that was accompanied by increased recruit-
ment of a bilateral frontal network and reduced suppression of amygdala 
responsivity during reappraisal of negative stimuli. Along these lines of 
interpretation, the efficacy of our training may be reflected in less 
cognitive and neural effort in regulatory control of emotional responses. 
Lastly, the observed findings may be a result of the implemented cross- 
over design. For half of the individuals, the NoNF runs followed the 
neurofeedback runs and may be considered transfer runs. Several neu-
rofeedback investigations indicate successful regulation of brain signals 
after NF training despite the absence of feedback (e.g. Auer et al., 2015; 
Nicholson et al., 2017; Zweerings et al., 2018). 

Apart from one study, rt-fMRI NF investigations in PTSD did not 
include a healthy control group as a comparison. In our previous 
investigation we showed reduced learning rates in PTSD when targeting 
regulation of the ACC (Zweerings et al., 2018). Here, we did not find 
such differences. This may partly reflect mild symptom severity in the 
PTSD group and prior experience with cognitive behavioral therapy. 
Furthermore, stimulus selection included pictures with high negative 
valence and arousal ratings, however, extremes on these scales were not 
included to ensure moderate stress levels for patients while being 
exposed to negative stimuli in the scanner environment. Highly dis-
tressing stimulus material or stronger trauma-relatedness might have 
revealed differences on group level (Wolf et al., 2009). Despite the 
absence of group differences, training effects in the amygdala were 
associated with symptom changes in the current cohort indicating dis-
order specificity. As discussed before, this is in line with psychotherapy 
effects in this patient cohort (Fitzgerald et al., 2017; Malejko et al., 
2017). Interestingly, differences between groups emerged in affect rat-
ings after the neurofeedback runs as compared to NoNF runs. In PTSD 
only, valence ratings showed higher positive affect after NF as compared 
to the NoNF runs presumably reflecting rewarding qualities of the 
feedback and suggesting feasibility of the feedback modality to motivate 
learning. 

In the literature, it has been frequently discussed if the exaggerated 
bottom-up emotional responses in PTSD are trauma specific – i.e. only 
occur when confronted with trauma-specific stimuli – or reflect a gen-
eral deficit in emotion regulation – i.e. occur when confronted with a 
wide range of different negative stimuli (Hayes et al., 2012a, 2012b). We 
found no differences in the subjectively perceived valence and arousal 
elicited by trauma-specific versus unrelated negative stimuli in in-
dividuals with PTSD. While this is in line with studies supporting a 
general emotion processing deficit in PTSD (van Rooij et al., 2015), 
some studies report higher arousal and lower valence ratings in PTSD 
depending on trauma-relatedness of stimuli (Wolf et al., 2009). 
Accordingly, while individuals with PTSD may exhibit elevated 
emotional responses to a wide range of negative stimuli, effects may be 
particularly strong for trauma-specific stimuli. While this notion is not 
supported by the current investigation, trauma stimuli were not 
personalized and represented traumatic events on a conceptual level. 
Furthermore, results have to be interpreted with caution due to the small 
sample size after splitting the PTSD group according to the nature of the 
experienced traumatic event (traffic accident: n = 7, interpersonal 
violence: n = 12). 
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4.3. Perceived efficiency and transfer 

CR strategies have a great potential to enhance regulatory control 
over emotions thereby exerting a positive influence on personal well- 
being and health outcomes (Fitzgerald et al., 2018; Price et al., 2006; 
Shepherd and Wild, 2014). However, despite these positive effects many 
patients experience difficulties during the acquisition and subsequent 
application of strategies. MacDuffie et al. (2018) describe several chal-
lenges to generalization of learned skills including credibility – the need 
to experience beneficial effects of psychotherapy training to motivate 
application outside of the therapy setting. The authors argue that pre-
senting participants with information on the effects of the learned 
strategies on brain activation increases the perceived credibility of the 
strategies. This assumption was based on observations in previous 
studies indicating that neuroimaging data is perceived as highly reliable 
– a phenomenon that has been termed the “allure of neuroscience” bias 
(Fernandez-Duque et al., 2015). Our results are in favor of this expla-
nation by showing that 95% of the individuals with PTSD reported that 
they experienced control over their brain activation and were able to 
efficiently use reappraisal strategies to induce the desired changes in 
brain activation. Furthermore, 75% of PTSD patients indicated that they 
used the learned strategies during the past month. In this group, all but 
one participant reported that the application of strategies was helpful. 
We suggest that, providing feedback on the impact of the therapy stra-
tegies on brain activation motivates skill use and may have a clinical 
potential as supportive therapy tool. In the context of PTSD, the obser-
vation of the impact of the applied strategies on brain activation may be 
particularly important because it conveys the notion that the experi-
enced negative affect is controllable. Traumatic events are tightly 
associated with a loss of control that is often experienced long after the 
initial situation has passed (Foa et al., 1992). In a recent study, Hancock 
and Bryant (2018) reported an association between the perceived lack of 
control in individuals with PTSD and higher avoidance of stressors. In 
contrast, perceived controllability may be a protective factor – irre-
spective of the objective controllability of a certain stimulus (Hancock 
and Bryant, 2018; Salomons et al., 2007). Neurofeedback training may 
have beneficial effects by conveying a sense of control and strengthening 
self-efficacy (Mehler et al., 2018). However, the exact effect of the NF 
training on the perceived controllability and credibility of learned 
strategies remains to be determined. In particular, results of the follow- 
up interview may be biased due to the implemented design. While we 
relied on retrospective self-report questionnaires and interviews at a 
single time-point in the current investigation, additional methods of 
repeated affect sampling in real-time and in the natural environment of 
the participants such as ecological momentary assessment (EMA) may 
improve ecological validity and reduce potential influences by biases – 
thus rendering it a useful tool to investigate beneficial effects of neu-
rofeedback training on emotion processing and regulation in daily life 
(Zaehringer et al., 2019). 

4.3.1. Limitations 
Most importantly, based on the current research design we cannot 

conclude if effects on strategy use and symptom improvement are neu-
rofeedback specific or reflect general effects of the cognitive reappraisal 
training. While the association between amygdala responses during NF 
runs – but not NoNF runs – indicates some neurofeedback specificity, 
this effect has to be replicated in a between-subjects design allowing for 
a systematic comparison of experimental and control conditions on 
prolonged NF effects. Furthermore, recent neurofeedback studies stress 
the importance of the investigation of variables that have an influence 
on both – regulation success and treatment response. Exploration of 
these aspects will not only promote a better understanding of the 
mechanisms underlying NF regulation but is also of great importance for 
the translation of NF approaches to clinical practice. For example, 
Friedrich et al. (2014) report that only two thirds of individuals learn 
regulation. Identifying predictors of regulation success will facilitate 

application of personalized treatment approaches. The current study did 
not explicitly assess the association between personality aspects or other 
individual characteristics on NF regulation success. One important 
aspect in this context is also the consideration of drop-out rates. In the 
current investigation, 20% of the included individuals did not complete 
the training. Out of these individuals three reported anxiety in the 
scanning environment and one person had somatic complaints. 
Accordingly, these factors need to be taken into consideration when 
evaluating the potential of rtfMRI NF as treatment option in the context 
of PTSD. Furthermore, the influence of the NF training on the experi-
enced self-efficacy or credibility of learned strategies was not investi-
gated. These variables will be included in upcoming research projects to 
enable a better mechanistic understanding of NF effects. Lastly, while we 
assessed changes in well-being and generalization of strategies one 
month after training, longer follow-up periods are essential to under-
stand the trajectory of NF induced effects on strategy use and symptom 
improvement (Rance et al., 2018). 

5. Conclusion 

A single session of fMRI-based NF induced down-regulation of 
amygdala activation during cognitive reappraisal of affective stimuli. 
Furthermore, these changes were associated with reductions in negative 
affect and improved symptom severity in individuals with PTSD. In line 
with this observation, four weeks after the training, 75% of the patients 
indicated that they successfully applied the learned strategies in daily 
situations when they were exposed to distressing stimuli. fMRI NF may 
enhance attenuation of amygdala responses during presentation of 
aversive scenes and is perceived as helpful by patients with PTSD. The 
NF training was well tolerated by the complying patients as indicated by 
high acceptance ratings and improvement in symptoms and mood. 
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Appendix 1 

IAPS numbers: 9050, 9600, 9900, 9901, 9904, 9911, 9611, 9902, 
9908, 9909, 9910, 9920, 9250, 9903, 9620, 9905, 6210, 6242, 6300, 
6312, 6540, 6562, 6250, 6263, 6315, 6370, 6571, 9425, 6231, 6821, 
6560, 6834, 2691, 2981, 3103, 5973, 6021, 9800, 1525, 3160, 6415, 
9630, 9810, 9941, 2688, 9424, 2710, 9160, 9925. 
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Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.nicl.2020.102483. 
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