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A B S T R A C T

Objectives: Emotion regulation is one of the most prevalent objectives for real-time fMRI neurofeedback (rt-fMRI-
NF) studies. The existing studies differ in a number of methodological parameters. This study provides a literature
review of the main parameters and results of studies using rt-fMRI-NF for emotion regulation enhancement.
Method: A search of the Web of Science database up through November 8, 2018, identified 144 articles written in
English, 89 of which were excluded as irrelevant for this study. The remaining 51 original studies and four
secondary analyses of previously published original studies were included in the literature review. The selection
of target brain areas, target populations, emotion regulation protocols, NF presentation, control group types, and
emotion regulation instructions were examined in relation to achieved brain regulation and changes in cognitive
or clinical outcomes. Study results were evaluated in terms of their statistical robustness.
Results: The results show that healthy people are able to regulate their brain activity in the presence of rt-fMRI-NF
from various brain regions related to emotion regulation, including the amygdala, anterior insula, and anterior
cingulate cortex. The regulation of brain activity using rt-fMRI-NF from prefrontal-limbic connectivity or from
individually navigated brain areas is feasible as well. Most studies that used a control group show that rt-fMRI-NF
actually induces some effects on brain regulation, cognitive variables, and clinical variables. Generally, the
success of ROI regulation during NF training is related to the combination of target brain region, the type of
emotion regulation task, and the population undergoing the training. In terms of patient groups, the strongest
support for the beneficial effects of rt-fMRI-NF has been shown in increased positive emotion experiencing in
patients with depression and in decreased anxiety in patients with anxiety disorders. Symptom reduction
following NF training has been also reported in patients with PTSD, BPD, and schizophrenia, but direct com-
parisons with control groups in these studies makes it impossible to evaluate the added value of NF. Studies often
do not report all the relevant analyses for evaluating NF success and many studies lack statistical robustness.
Conclusions: Overall, rt-fMRI-NF seems a promising tool for emotion regulation enhancement with the potential to
induce long-term symptom reduction in patients with various mental disorders. Preplanning of statistical ana-
lyses, careful interpretations of the results, and evaluations of the NF effect on symptom reduction in patient
groups is recommended.
1. Introduction

Real-time fMRI neurofeedback (rt-fMRI-NF) is an innovative tool for
learning brain self-regulation. In rt-fMRI-NF studies, the blood-oxygen-
level dependent (BOLD) signal from a selected brain area is measured
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and presented back to a subject in an MRI scanner. The aim of rt-fMRI-NF
is to promote the subject's learning self-control over the activity in a
selected brain area and, consequently, over the mental state corre-
sponding with the activity in the given brain area. One of the most
broadly studied fields within rt-fMRI-NF is emotion regulation. Although
a relatively high number of studies focus on this topic, they substantially
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List of abbreviations

rt real-time
ACC anterior cingulate cortex
AI anterior insula
BOLD blood-oxygen-level dependent
BPD borderline personality disorder
BVS best voxel selection
CBT cognitive behavioral therapy
CG control group
DLPFC dorsolateral prefrontal cortex
DMPFC dorsomedial prefrontal cortex
EG experimental group
fMRI functional magnetic resonance imaging

hIPS horizontal intraparietal sulcus
IFG inferior frontal gyrus
LPFC lateral prefrontal cortex
MTL middle temporal lobe
MVPA multivariate voxel pattern analysis
NAcc nucleus accumbens
NF neurofeedback
OCD obsessive-compulsive disorder
OFC orbitofrontal cortex
PTSD posttraumatic stress disorder
ROI region of interest
SN/VTA substantia nigra/ventral tegmental area
SVM support vector machine
VLPFC ventrolateral prefrontal cortex
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differ in key methodological parameters, such as target brain areas, target
populations, emotion regulation protocols, forms of neurofeedback pre-
sentation, control groups, and instructions for emotion regulation. The
aim of this literature review is to describe the main methodological as-
pects that need to be considered when starting a new rt-fMRI-NF study in
emotion regulation, and, consequently, to promote informed hypotheses
generation in future studies in this important and rapidly developing
field.

1.1. Brain targets and target populations for emotion regulation with rt-
fMRI-NF

Various brain regions can be used for rt-fMRI-NF augmented emotion
regulation training because of their differing involvement in emotion
processing and emotion regulation (Morawetz et al., 2017). The activity
of some regions is associated with the intensity of emotional experi-
encing; the activity of other regions is associated with the implementa-
tion of emotion regulation strategies (Kalisch, 2009; Paret et al., 2011).
For example, the amygdala and anterior insula (AI) have been repeatedly
found to be involved in experiencing both positive and negative emotions
(Kurth et al., 2010; Sergerie et al., 2008). Thus, the amygdala or AI ac-
tivity levels can be taken as correlates of emotional experiencing in-
tensity, regardless of the emotional valence, i.e. regardless of whether the
person experiences positive or negative emotions. On the other hand,
lateral prefrontal cortex (LPFC) regions have been repeatedly found to be
involved in cognitive emotion regulation (Kohn et al., 2014). Thus, LPFC
activity levels can be taken as correlates of cognitive emotion regulation
efforts.

NF-aided emotion regulation can be studied in healthy people, but the
clinical goal of rt-fMRI-NF is to promote emotion regulation in patients
whose ability to regulate emotions is impaired. Emotion regulation
impairment is a frequently occurring challenge for patients with different
mental disorders, including mood, anxiety, stress, and personality dis-
orders (Kring, 2008). Thus, a focus on enhancing emotion regulation is a
key feature in therapy for many psychiatric patients. At the same time,
the type of emotion regulation impairment can differ among patient
groups (i.e., different brain regions can be affected or the same regions
can be affected in a different way). For example, patients with depression
show an exaggerated amygdala response to negative stimuli and an
attenuated amygdala response to positive stimuli (Groenewold et al.,
2013). Accordingly, the goal of rt-fMRI-NF in patients with depression
could be to decrease amygdala activity during the experience of negative
emotions or to promote amygdala activity while experiencing positive
emotions.

1.2. rt-fMRI-NF emotion regulation protocols

Subjects can be instructed to increase (i.e., upregulate) or decrease
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(i.e., downregulate) their negative or positive emotions by upregulating
or downregulating their brain activity. Studies may or may not present
additional emotion-evoking stimuli. For example, subjects can be pre-
sented with pictures or scripts with emotional content and, subsequently,
subjects can be instructed to regulate the evoked emotions using NF in-
formation (e.g., Paret et al., 2014). In another approach, subjects can be
instructed to regulate their brain activity by implementing an emotion
regulation strategy that promotes or reduces the experience of emotions
(such as contemplating emotional memories or relaxing) without the use
of emotion-evoking stimuli (e.g., Zotev et al., 2011). The directions in
which the emotions and the target brain area activity are regulated need
to be distinguished. For example, the upregulation of the activity of a
region that is not sensitive to emotional valence, such as the amygdala
(Sergerie et al., 2008), can be achieved by upregulating either positive or
negative emotions. In other regions, a BOLD signal increase may be
related to specific emotional experiences. For example, activity in the
reward-related brain areas, such as nucleus accumbens (NAcc), is asso-
ciated with positive, but not negative emotions (Lang and Bradley, 2010).

1.3. Continuous vs. intermittent NF presentation

NF can be presented in either a continuous or intermittent form.
Continuous rt-fMRI-NF means that NF is presented throughout the whole
task (or respective experimental condition) with signal updates after each
repetition time. Continuous NF can be presented e.g. as a continuously
updated scale (e.g., Paret et al., 2014) or as a development curve (e.g.,
Scheinost et al., 2013). Intermittent (or end-of-block) NF is presented as a
single outcome after the end of each trial or time interval, e.g. as a single
outcome on a scale (e.g., Zilverstand et al., 2015) or as a number (e.g.,
Sarkheil et al., 2015) representing the level of target brain activity during
the previous block. NF can also be presented in more complex ways, such
as visual scenes (Lorenzetti et al., 2018). Whether the presentation of
continuous or intermittent NF can be more advantageous in some situ-
ations remains uncertain. It can be argued that continuous NF provides
subjects with more thorough information, and thus can theoretically lead
to better training effects. On the other hand, if continuous NF is pre-
sented, the simultaneous use of visual emotion-evoking stimuli can
possibly draw attention away from NF and diminish the training effects;
alternately, it could produce emotion downregulation simply by drawing
the subjects’ attention away from these stimuli.

1.4. Control groups

Several types of control groups can be used in rt-fMRI-NF studies.
Specifically, sham NF can be used; most frequently this is obtained from a
different subject (further termed “yoked NF”, e.g., Hamilton et al., 2011).
Alternately, NF from a region other than the target brain region of a given
subject can be presented in the control group (further termed the
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“alternate region of interest (ROI) NF”, e.g., Zotev et al., 2011). In yoked
and alternate ROI NF control groups, the subjects are not aware that the
signal they are receiving is not from their target brain area, and thus
studies can be blinded. Finally, there can be an absence of NF presenta-
tion in the control group (further termed “no NF”, e.g., Johnston et al.,
2011). Because emotion regulation protocols involve emotion regulation
training per se, the use of a control group is crucial for determining
whether NF presentation provides an additional learning boost. How-
ever, the effect of control group manipulation remains a topic of ongoing
debate. Using alternate ROI NF and yoked NF in control groups has the
advantage of maintaining comparable motivational aspects as for sub-
jects presented with genuine NF (Thibault et al., 2018). There are also
studies showing that the presentation of any feedback is associated with
brain activity increase (Emmert et al., 2016; Ninaus et al., 2013) and
might produce specific effects that are different from those in control
groups presented with no NF. Using control groups with no NF prevents
blinding subjects and researchers, and likely increases psychosocial ef-
fects. On the other hand, feedback that is not contingent on the subject's
target brain area activity has the potential to confuse and frustrate sub-
jects (e.g., Sulzer et al., 2013), thus potentially negatively influencing
their motivation and the success of their regulation. Cohen Kadosh et al.
(2016) argue that the use of yoked or alternate ROI NF can raise ethical
issues, since subjects could reject potentially successful strategies only
because they do not correspond with the presented NF.

1.5. Instructions for NF regulation

Subjects may be instructed about strategies they should implement
for ROI regulation in greater or lesser detail or not at all. If no specific
instruction for emotion regulation is provided, subjects are only
instructed to regulate their brain activity according to the NF presenta-
tion (Marxen et al., 2016), or subjects can be informed about the nature
of the brain area (i.e., that it is related to emotions, e.g., Johnston et al.,
2011). If specific instructions for emotion regulation are provided,
several emotion regulation strategies may be suggested that subjects can
use (e.g., Hamilton et al., 2016), or they may be asked to prepare the
strategies before the experiment (e.g., Young et al., 2014), or they may
even undergo emotion regulation training before the experiment (e.g.,
Sarkheil et al., 2015). It is unclear whether the emotion regulation in-
struction type and level of detail can influence the regulation success.
While more detailed instructions or pre-experimental preparation can
ensure greater focus on a specific emotion regulation strategy and longer
time for training in this strategy during the experiment, providing sub-
jects with space to find their own suitable strategy during the task can
theoretically also be beneficial.

1.6. Presentation of regulation success

Studies comprise one or several NF training runs within one or several
fMRI sessions. Most often, the NF runs are composed of regulation and
control conditions that can include a cognitive task, resting, or watching
emotional stimuli without regulating. The success of ROI activity regu-
lation is usually reported as a difference in achieved signal change during
the task between the regulation and control conditions, and between the
experimental group and the control group in studies that include control
groups. In some studies, “transfer runs” are employed after the NF
training that involve the same task as during NF training, but without NF
presentation. Transfer runs serve to assess the sustainability of training
effects after the removal of NF (e.g., Zotev et al., 2011). Some studies also
evaluate self-reported cognitive effects or changes in clinical symptoms
directly after the NF experiment (e.g., Hamilton et al., 2016) or in
long-term aspects (e.g., Rance et al., 2018).

1.7. Objectives

Our objective in this literature review is to present a comprehensive
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overview of key design parameters of rt-fMRI-NF in emotion regulation
studies and to explore the influence of these parameters on brain regu-
lation success and cognitive or clinical changes after rt-fMRI-NF training.
Specifically, the review addresses the following research questions:

1. In which brain areas has rt-fMRI-NF for emotion regulation been
successfully used?

2. In which populations has rt-fMRI-NF for emotion regulation been
successfully used?

3. Do studies with different emotion regulation protocols achieve similar
results?

4. Is presentation of continuous or intermittent NF for emotion regulation
more advantageous?

5. Is any type of control group superior to other types?
6. How does the presentation of instructions for emotion regulation influ-

ence the results?

2. Method

We searched the Topic (neurofeedback) AND (fMRI OR functional
magnetic resonance imag* OR functional MRI) AND (emot* OR affect*)
across all databases and all years in the Web of Science on November 8,
2018, with 125 results. Other potential studies (N ¼ 20) were identified
through an additional search. There were two eligibility criteria: 1.
Original studies or secondary analyses derived from original studies
using the rt-fMRI-NF method, and 2. The use of rt-fMRI-NF for voluntary
emotion regulation enhancement. Both criteria needed to be met for the
study to be included in the review. Voluntary emotion regulation was
defined as the intentional modification of the subject's own present
emotional experience. To keep the focus of the review, pain and craving
regulation studies were not included, since they constitute more complex
phenomena, with emotion regulation being only one possible part of the
regulation process. Two authors of this review independently screened
the titles and abstracts yielded by the search against the inclusion
criteria. After duplicates were removed, 144 articles written in English
were identified. We eliminated 52 articles not related to rt-fMRI-NF in
the field of emotion regulation (e.g., studies using electroencephalog-
raphy or functional near-infrared spectroscopy NF, or studies using rt-
fMRI-NF not related to emotion regulation), 13 conference abstracts, 7
methodological articles, and 12 reviews or commentaries. The remaining
60 studies' full reports were screened. If any uncertainty about the
eligibility of the article arose, it was discussed with the rest of the review
authors. Based on this procedure, another five studies that did not meet
both eligibility criteria were excluded. Studies that did not claim to be
focused on emotion regulation directly, but that clearly instruct subjects
to regulate their brain activity using emotion regulation strategies were
included in the review (e.g., Caria et al., 2007; Ruiz et al., 2013; Yao
et al., 2016). The final pool of papers includes 51 original studies (see
Table 2 for the studies overview). Four studies presenting secondary
analyses were also included (Paret et al., 2016b; Young et al., 2018,
2017a; Zotev et al., 2013).

2.1. Results presentation

First, the study characteristics were described for each study included
in this literature review (Table 2). Second, study parameters were sum-
marized according to our objectives (target brain areas, target pop-
ulations, emotion regulation protocols, form of NF presentation, and
emotion regulation instructions) and displayed, preferably, with figures.
Third, study results were summarized. As the studies differ in the type of
data analysis, related to differences in study designs, we developed an
evaluation system that could be applied to a majority of the included
studies (see Table 1 for criteria overview). Since only some studies used
corrections for multiple comparisons, we considered the results to be
significant if the relevant p value was less than 0.05 uncorrected; thus we
maintained the same standard for all studies. If a study only presented
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results with a correction for multiple comparisons, this is mentioned in a
footnote. The study evaluation was performed according to the following
criteria (see Table 1 for overview):

� ROI regulation vs. control condition describes whether the target ROI
activity was significantly different in the regulation condition as
compared to the control condition in the desired direction (i.e.,
higher in upregulation and lower in downregulation). ROI activity
regulation in comparison to the control condition was reported as
positive if either (1) the subjects significantly regulated the target ROI
activity in the desired direction in comparison to the control condi-
tion on average for the whole session in studies comprising one ses-
sion without an analysis of separate blocks within the session, or (2)
the subjects significantly regulated the target ROI activity in the
desired direction in comparison to the control condition in the last
training block in studies with one session comprising multiple blocks,
or (3) the subjects significantly regulated the target ROI activity in the
desired direction in comparison to the control condition in the last
session on average or in the last block of the last session in studies
comprising multiple sessions.

� ROI regulation vs. control group describes whether the subjects in the
experimental group regulated the target ROI activity significantly
better than the subjects in the control group (under the condition that
the experimental group did regulate the ROI activity successfully).
ROI regulation vs. control group was reported as positive if either (1)
there was a significant effect of group on ROI activity regulation in
regression analysis, or (2) ROI activity regulation was significantly
more successful in the experimental group than in the control group
on average in studies without analysis of separate blocks/sessions, or
(3) ROI activity regulation was significantly more successful in the
experimental group than in the control group in the last block/session
in studies analyzing separate blocks/sessions. Because a number of
studies do not provide a direct comparison of experimental and
control groups, we rated the ROI regulation vs. control group as
positive also if (4) there was significant ROI activity regulation in the
experimental group, but not in the control group (either on average,
or in the last block/session). The evaluation was complemented by
“þþ” if the study directly evaluated the group differences (either in
regression analysis, or by t-tests, criterion 1, 2, or 3met), and by “þ” if
the study only provided separate results for experimental and control
groups (criterion 4 met) to reflect the robustness of the results (see
Table 1).

� Training time effect describes whether the subjects improved in ROI
activity regulation across the NF training course in studies comprising
multiple blocks or/and sessions, where ROI activity regulation is
defined as a significant difference in regulation and control condition.
Hence, the training effect was evaluated as positive if (1) there was a
significant effect of training time (either across training blocks or
across training sessions) on the ROI activity regulation if regression
analysis of the training time effect was reported, or (2) if the ROI
activity regulation significantly increased from the first block/session
to the last block/session.

� Transfer effect was evaluated as positive if there was successful ROI
activity regulation in a transfer block, i.e. in a block without NF
presentation and following NF training. In studies with a control
group, we also evaluated whether there was significant difference in
ROI activity regulation in the transfer run between the experimental
and control groups (see Table 1).

� Finally, cognitive or clinical effects vs. baseline or/and control group was
rated positive if there was a significant effect on cognitive or clinical
variables in the experimental group following the NF training. A
positive result was recorded if there was a difference in cognitive or
clinical variables from baseline (i.e., before NF training). If a study
included a control group, we also recorded whether there was a sig-
nificant difference in the effect between the experimental and control
groups (see Table 1).



Table 2
Review of rt-fMRI-NF in emotion regulation study parameters.

Study Target region (localization) Task
(ROI)

Task (emotions) Population NF
I/C

Control group Sample size Additional stimuli Instructions for emotion
regulation

Berman et al.
(2013)

right anterior insula (functional: blink
suppression task)

up unspecified
upregulation

healthy subjects C none 14 none autobiographical
mental imagery

Brühl et al. (2014) right amygdala (functional: watching
negative vs. neutral pictures)

down negative
downregulation

healthy subjects C none 6 fearful, sad and
angry faces

cognitive reappraisal

Buyukturkoglu et al.
(2015)

bilateral anterior insula (anatomical
þ functional: watching symptom-
provoking vs. neutral pictures)

down negative
downregulation

patients with OCD I none 3 contamination-
related pictures

find a cognitive strategy

Caria et al. (2007) right anterior insula (anatomical) up unspecified
upregulation

healthy subjects C multiple: 1) no NF, 2)
alternate ROI NF (large
background region)

9 (EG)
þ3 (CG1)
þ3 (CG2)

none autobiographical
mental imagery

Caria et al. (2010) left anterior insula (anatomical) up unspecified
upregulation

healthy subjects C multiple: 1) no NF, 2)
alternate ROI NF (large
background region)

9 (EG)
þ9 (CG1)
þ9 (CG2)

none autobiographical
mental imagery

Cohen Kadosh et al.
(2016)

bilateral insula (functional: emotional
Go/NoGo task)

up, down positive
upregulation,
unspecified
downregulation

healthy children and
adolescents (age 7 to
16)

C none 17 none happy mental imagery/
relaxation

Gerin et al. (2016) bilateral amygdala (functional:
watching/hearing anxiety-provoking
stimuli)

down negative
downregulation

patients with PTSD C none 3 personalized trauma
scripts (audio
recordings)

none (but information
about ROI provided)

Greer et al. (2014) bilateral nucleus accumbens
(anatomical)

up, down positive
upregulation,
unspecified
downregulation

healthy women C none 25 none mental imagery of
exciting/boring events

Gr€one et al. (2014a) anterior ACC (anatomical) up unspecified
upregulation

healthy subjects C comparing 3T and 7T
scanners

24 (15 in 3T scanner
group scanning þ 9 in
7T scanner group))

none mental imagery,
concentration on bodily
sensations

Hamilton et al.
(2011)

subgenual ACC (functional: watching
negative images vs. baseline)

down positive
upregulation

healthy subjects C yoked NF 8 (EG)
þ9 (CG)

none increase positive mood

Hamilton et al.
(2016)

individual (functional: watching
negative pictures, resulting in AI, OFC,
dorsal ACC, or IFG)

down negative
downregulation

women with major
depressive disorder

I yoked NF 10 (EG)
þ10 (CG)

aversive pictures cognitive reappraisal,
attentional redirection,
mental imagery

Hellrung et al.
(2018)

left amygdala (anatomical) up positive
upregulation

healthy men C, I continuous NF vs.
intermittent NF vs. no
NF

16 (continuous)
þ18 (intermittent) þ 8
(no NF)

none positive
autobiographical
mental imagery

Herwig et al. (2019) amygdala (functional: watching
negative vs. neutral pictures)

down negative
downregulation

healthy subjects C random values 15 (EG)
þ11 (CG)

aversive pictures cognitive reappraisal

Johnston et al.
(2010)

individual (functional: watching
negative vs. neutral pictures, resulting
in VLPFC/insula, or MTL incl.
amygdala)

up unspecified
upregulation

healthy subjects C none 13 none emotional imagery

Johnston et al.
(2011)

individual (functional:
watching positive vs. neutral pictures,
resulting in VLPFC, DLPFC, insula, or
MTL)

up unspecified
upregulation

healthy subjects C no NF 17 (EG)
þ10 (CG)

none none (but information
about ROI selection
procedure provided)

Koush et al. (2017) connectivity from DMPFC onto
bilateral amygdala

up positive
upregulation

healthy subjects I yoked NF 9 (EG)
þ6 (CG)

pictures of positive
social situations/
nonsocial neutral
objects

mental imagery
(experiencing the social
situation)

Lawrence et al.
(2014)

right anterior insula (anatomical) up unspecified
upregulation

healthy subjects C alternate ROI NF
(middle
parahippocampal
region)

16 (EG)
þ8 (CG)

none positive/negative
autobiographical
mental imagery or
interceptive awareness

(continued on next page)
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Table 2 (continued )

Study Target region (localization) Task
(ROI)

Task (emotions) Population NF
I/C

Control group Sample size Additional stimuli Instructions for emotion
regulation

Li et al. (2016a) individual (MVPA of happy/sad
mental imagery)

up unspecified
upregulation

healthy subjects C none 12 none positive/negative
autobiographical
mental imagery

Li et al. (2016b) individual (MVPA of happy/sad
mental imagery)

up positive
upregulation

healthy subjects C no NF 12 (EG)
þ11 (CG)

none positive
autobiographical
mental imagery

Linden et al. (2012) individual (functional: watching
positive vs. neutral pictures, resulting
in VLPFC, insula or DLPFC)

up positive
upregulation

patients with
current major
depressive episode

C outside the scanner 8 (EG)
þ8 (CG)

none positive
autobiographical
mental imagery

Lorenzetti et al.
(2018)

individual (tenderness vs. neutral and
anguish vs. neutral contrast, 2
methods: ROI and SVM)a

up positive
and negative
upregulation

healthy subjects C none 8 none feel tenderness/anguish
intensely

MacDuffie et al.
(2018)

ACC (functional: negative
upregulation vs. (negative
downregulation þ count) contrast)

up, down negative
upregulation and
downregulation

patient with
depression after CBT
treatment

I none 13 none individual strategies
training

Marxen et al. (2016) bilateral amygdala (anatomical) up, down unspecified
upregulation and
downregulation

healthy subjects C, I none 33 none none

Mehler et al. (2018) individual (functional: watching
positive vs. neutral pictures, resulting
in limbic and frontal areas)

up positive
upregulation

patients with
depression

C alternate ROI NF
(parahippo-campal
area)

16 (EG)
þ16 (CG)

none positive mental imagery

Misaki et al. (2018)
b

left amygdala (anatomical) up positive
upregulation

war veterans with
and without PTSD

C alternate ROI NF (hIPS) non-PTSD veterans: 17
(EG) [þPTSD veterans:
21 (EG)
þ9 (CG)]

none positive
autobiographical
mental imagery

Moll et al. (2014) individual (SVM based patterns for
tenderness/affection vs. pride-related
autobiographical memories)

up tenderness/
affection or pride
upregulation

healthy subjects C no NF 12 (EG)
þ12 (CG)

none tenderness/affection or
pride-evoking
autobiographical mental
imagery

Nicholson et al.
(2017)

bilateral amygdala
(anatomical þ functional BVS:
watching trauma-related vs. neutral
words)

down negative
downregulation

patients with PTSD C none 10 personalized trauma
words

regulate the brain
feeling center

Nicholson et al.
(2018) c

bilateral amygdala
(anatomical þ functional BVS:
watching trauma-related vs. neutral
words)

down negative
downregulation

patients with PTSD C none 14 personalized trauma
words

regulate the brain
feeling center

Paret et al.
(2014 þ 2016b)

bilateral amygdala
(anatomical þ functional BVS:
watching negative vs. neutral
pictures)

down negative
downregulation

healthy women C alternate ROI NF
(rostral caudate)

16 (EG)
þ16 (CG)

aversive pictures regulate the brain
feeling center

Paret et al. (2016a) bilateral amygdala
(anatomical þ functional BVS:
watching negative vs. neutral
pictures)

down negative
downregulation

women with
borderline
personality disorder

C none 8 aversive pictures regulate the brain
feeling center

Paret et al. (2018) right amygdala (anatomical) up, down negative
upregulation and
downregulation

healthy women C none 20 aversive pictures none

Posse et al. (2003) bilateral amygdala (anatomical) up negative
upregulation

healthy subjects I none 6 sad and neutral faces sad
autobiographical mental
imagery

Rance et al. (2018) individual (functional: watching
neutral vs. symptom provoking

up, down negative
upregulation and
downregulation

patients with OCD C yoked NF 10 (EG)
þ7 (CG)

OCD symptom-
provoking pictures

none (but information
about ROI provided)
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Table 2 (continued )

Study Target region (localization) Task
(ROI)

Task (emotions) Population NF
I/C

Control group Sample size Additional stimuli Instructions for emotion
regulation

pictures, resulting in orbitofrontal/
ventral frontopolar cortex)

Ruiz et al. (2013) bilateral insula (functional:
autobiographical mental imagery vs.
rest)

up unspecified
upregulation

patients with
paranoid
schizophrenia

C none 9 none autobiographical mental
imagery

Sarkheil et al.
(2015)

left LPFC (functional: regulate vs.
watch aversive pictures)

up negative
downregulation

healthy subjects I no NF 8 (EG)
þ6 (CG)

aversive pictures cognitive reappraisal
training

Scheinost et al.
(2013)

orbitofrontal cortex (functional:
watching neutral vs. contamination
pictures)

up, down negative
upregulation and
downregulation

subjects with sub-
clinical
contamination
anxiety

C yoked NF 10 (EG)
þ10 (CG)

contamination-
related pictures

preparation of strategies
with a clinical
psychologist before the
experiment

Scheinost et al.
(2014) d

orbitofrontal cortex (functional:
watching neutral vs. contamination
pictures)

up, down negative
upregulation and
downregulation

patients with OCD C none 5 contamination-
related pictures

preparation of strategies
with a clinical
psychologist before the
experiment

Sitaram et al.
(2014)

left anterior insula (functional:
autobiographical mental imagery vs.
counting task)

up negative
upregulation

sexual offenders C none 4 none negative
autobiographical mental
imagery

Sulzer et al. (2013) substantia nigra/ventral tegmental
area (anatomical)

up positive
upregulation

healthy subjects C inverted NF 15 (EG)
þ17 (CG)

none rewarding mental
imagery

Veit et al. (2012) left anterior insula (functional:
watching negative pictures vs. rest)

up, down negative
upregulation and
downregulation

healthy subjects C none 11 threat-related
pictures

imagery of being
involved in/absent from
the aversive pictures

Weiskopf et al.
(2003)

rostral—ventral ACC þ dorsal ACC
(anatomical)

up, down unspecified
upregulation and
downregulation

healthy subject C none 1 none none

Yao et al. (2016) left anterior insula (functional:
watching painful vs. neutral pictures)

up negative
upregulation

healthy subjects C alternate ROI NF
(background region)

18 (EG)
þ14 (CG)

none negative
autobiographical
mental imagery

Young et al. (2014) left amygdala (anatomical) up positive
upregulation

patients with
current major
depressive episode

C alternate ROI NF (hIPS) 14 (EG)
þ7 (CG)

none positive
autobiographical
mental imagery

Young et al.
(2017b þ 2017a,
2018)

left amygdala (anatomical) up positive
upregulation

patients with
current major
depressive episode

C alternate ROI NF (hIPS) 19 (EG)
þ17 (CG)

none positive
autobiographical
mental imagery

Yuan et al. (2014) left amygdala (anatomical) up positive
upregulation

patients with
current major
depressive episode

C alternate ROI NF (hIPS) 27 (EG)
þ27 (CG)

none positive
autobiographical
mental imagery

Zilverstand et al.
(2015)

right anterior insula (functional:
watching spider pictures vs.
rest) þ left DLPFC (functional:
regulate spider pictures vs. rest)

down
(insula)
þ
up
(DLPFC)

negative
downregulation

women with spider
phobia

I no NF 9 (EG)
þ9 (CG)

spider pictures cognitive reappraisal
training

Zotev et al.
(2011 þ 2013)

left amygdala (anatomical) up positive
upregulation

healthy subjects C alternate ROI NF (hIPS) 14 (EG)
þ14 (CG)

none positive
autobiographical
mental imagery

Zotev et al. (2014) e left amygdala (anatomical) up positive
upregulation

healthy subjects C none 6 none positive
autobiographical
mental imagery

Zotev et al. (2016) left amygdala (anatomical) up positive
upregulation

patients with
current major
depressive episode

C alternate ROI NF (left
hIPS)

13 (EG)
þ11 (CG)

none positive
autobiographical
mental imagery

Zotev et al. (2018) left amygdala (anatomical) up positive
upregulation

patients with PTSD C alternate ROI NF (hIPS) 20 (EG)
þ11 (CG)

none positive
autobiographical
mental imagery

(continued on next page)
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3. Results

Study characteristics are described in Table 2.
3.1. Target brain areas and target populations

Fig. 1 shows a representation of target brain regions and target
populations.
3.2. Emotion regulation protocols

Fig. 2 shows the distribution of emotion regulation protocols
(downregulation vs. upregulation and use of additional emotion-evoking
stimuli). If a study used more than one regulation condition (e.g., nega-
tive downregulation and negative upregulation), it is included in all
respective categories in Fig. 2. Studies that instructed the subjects to
increase the intensity of emotions without specifying the emotional
valence, and studies that instructed the subjects to regulate the NF scale
directly without further specification are referred to as “unspecified
upregulation” in Table 2 and Fig. 2. Studies that instructed the subjects to
downregulate emotions without specifying the emotional valence (i.e., to
generally detach from emotional experiences or simply “calm down
emotionally”) and studies that instructed the subjects to downregulate
the NF scale directly without further specification are referred to as
“unspecified downregulation” in Table 2 and Fig. 2.
3.3. Continuous vs. intermittent NF presentation

Most studies (k¼ 42) presented NF as a continuous scale, updated
with every newly acquired brain scan. K¼ 7 studies presented intermit-
tent NF. Hellrung et al. (2018) directly compared the use of continuous
and intermittent NF, and Marxen et al. (2016) presented continuous NF
to the subjects in the first two blocks followed by a third block with
intermittent NF.
3.4. Control groups

Fig. 3 shows the distribution of control groups.
3.5. Instructions for emotion regulation

Fig. 4 shows the distribution of instructions provided to subjects. If
multiple instruction options were given in one study, the study is
included in all relevant categories in Fig. 4.
3.6. Evaluation of study results

Table 3 presents the evaluation of the results of studies with a pre-
defined target brain area, structured according to the target brain areas,
target populations, and emotion regulation protocols (i.e., direction of
ROI regulation, direction and valence of emotions to regulate, presen-
tation of emotion-evoking stimuli, and number of fMRI sessions
including NF training). Table 4 presents the evaluation of the results of
studies with individually navigated brain targets. Pilot studies with six or
fewer subjects were not included in Tables 3 and 4 because the small
sample size prevented statistical evaluation (Buyukturkoglu et al., 2015;
Gerin et al., 2016; Scheinost et al., 2014; Sitaram et al., 2014; Weiskopf
et al., 2003; Zotev et al., 2014). Moreover, Rance et al. (2018) was not
included as the results are not presented separately for the group per-
forming emotion regulation NF training.



Fig. 1. Target brain regions and populations.
Note: ACC¼ anterior cingulate cortex, BPD¼ border-
line personality disorder, DLPFC¼ dorsolateral pre-
frontal cortex, DMPFC¼ dorsomedial prefrontal
cortex, LPFC¼ lateral prefrontal cortex, Nacc¼ nu-
cleus accumbens, OCD¼ obsessive-compulsive disor-
der, OFC¼ orbitofrontal cortex, PTSD¼ posttraumatic
stress disorder, SN/VTA¼ substantia nigra/ventral
tegmental area.

Fig. 2. Emotion regulation tasks and emotional stimuli presentation.
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4. Discussion

4.1. Brain targets and populations

4.1.1. Amygdala
Healthy people as well as patients with depression have been found to

upregulate activity in the amygdala by increasing positive emotions at
rates higher than control groups in all studies that reported an intergroup
comparison (see Table 3). In all of these studies, training and transfer
effects were also positive (if assessed). Moreover, three out of four studies
in patients with depression found significant improvement in depression,
anxiety, or happiness over the control groups. PTSD patients upregulated
amygdala activity by increasing positive emotions only in the first out of
three sessions in a study by Zotev et al. (2018), but a decrease in PTSD
symptoms was found after the training, although this was not different
from the control group. Amygdala upregulation by increasing negative
emotions was explored in two studies (see Table 3); only the subjects in
the study by Posse et al. (2003) achieved ROI upregulation. Subjects in
83
this study may have been successful in regulation due to the choice of
baseline condition, which consisted of watching neutral pictures (in
comparison to watching negative pictures in the experimental condi-
tion), as opposed to the study by Paret et al. (2018), in which negative
amygdala upregulation was not successful in comparison to the baseline
consisting of watching negative pictures. Moreover, the subjects in the
study by Paret et al. (2018) performed both upregulation and down-
regulation tasks within one session, which might be more challenging,
and it could require more time than a single session to learn amygdala
regulation.

Downregulation of the amygdala by decreasing negative emotions
has been found successful in healthy people (except in the 2018 study by
Paret et al., see above) and in patients with BPD and PTSD (see Table 3).
However, only two of these studies employed a control group and they
show a different pattern of intergroup comparison. While healthy people
in the study by Herwig et al. (2019) did downregulate amygdala activity
significantly better than the control group, there was no difference in
amygdala downregulation between the groups of healthy people in the



Fig. 3. Control groups.

Fig. 4. Instructions for emotion regulation strategies.
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study by Paret et al. (2014). However, the experimental group in this
study was successful in amygdala downregulation in transfer run, unlike
the control group. Also note that the subjects in this study only under-
went a single NF session, while the subjects in the study by Herwig et al.
(2019) were training for four sessions. Thus, a longer time provided for
NF training can naturally lead to stronger ROI regulation in experimental
groups. Moreover, the clinical effects of NF training were evaluated by
Paret et al. (2016a). A decrease in dissociation and an increase in
emotional awareness was found following the NF training in patients
with BPD, but comparison with a control group is lacking.

In sum, NF has been shown to promote amygdala upregulation by
increasing positive emotions in both healthy people and patients with
depression. NF training has also shown amygdala upregulation
improvement lasting after the removal of NF and clinical symptom
improvement in the patients with depression. Successful amygdala
downregulation by decreasing negative emotions while using NF has
been observed in healthy people and patients with BPD and PTSD,
though control groups are lacking in most of these studies.

4.1.2. Anterior insula
Most studies of AI upregulation do not distinguish between positive

and negative emotional upregulation strategies (i.e., unspecified upre-
gulation). All of these studies found successful AI upregulation in healthy
people in comparison to control conditions as well as to control groups
(where available). Successful AI upregulation was also found in patients
84
with schizophrenia (Ruiz et al., 2013) where the training led to
improvement in emotion recognition (without control group involve-
ment). AI upregulation by direct instruction to upregulate negative
emotions has been found to be successful in healthy people in two
studies. One of these studies involved a control group and found the NF in
the experimental group led to more successful AI upregulation as
compared to control group (Yao et al., 2016). AI upregulation by
increasing negative emotions was also explored in sexual offenders
(Sitaram et al., 2014). Only four subjects participated in this study and
only one of them upregulated AI. The sample size in this study was too
low to draw definite conclusions; however, NF training can be possibly
more challenging and require more training time and motivation in this
clinical group.

On the other hand, AI downregulation seems to be more challenging,
with only one study demonstrating successful AI downregulation by
decreasing negative emotions in subjects with spider phobia (Zilverstand
et al., 2015). NF in the experimental group in this study led to more
successful AI downregulation in comparison to the control group as well
as to a larger long-term decrease in spider phobia-related anxiety. Unlike
the other studies of AI downregulation, Zilverstand et al. (2015) pre-
sented the subjects with AI NF and also with PFC NF, which may have
influenced the regulation success. Moreover, the studies that either did
not find or did not report the AI downregulation as compared to the
control condition used both downregulation and upregulation within one
study. The results of the study by Cohen Kadosh et al. (2016) are difficult



Table 3
Evaluation of the results of studies with predefined brain targets in relation to target brain area, target population, and emotion regulation protocols.

Region Task Emotions Population Studies Emotional
stimuli

NF
sessions

ROI regulation
(vs. CG)

Training time
effect

Transfer
effect

Cogn./clin. effects vs.
baseline (and CG)

amygdala up positive up healthy Hellrung et al.
(2018)

N 1 NR NR Y (CG þþ) NA

Zotev et al. (2011) N 1 Y (CGþþ) Y Y (CG þþ) NA

depression Young et al.
(2014)

N 1 Y (CG þþ) Y Y (CG þþ) Y (CG þþ)

Young et al.
(2017b)

N 2 Y (CG þþ) NR Y (CG þþ) Y (CG þþ)

Yuan et al. (2014) N 1 NR NR NR Y (CG -)
Zotev et al. (2016)
a

N 1 N (CG þþ) Y Y (CG þ) Y (CG, þþ)

PTSD Misaki et al.
(2018)

N 3 NR NR NR Y (CG þ)

Zotev et al. (2018) N 3 Nb (CG -) N N Y (CG þ)

negative up healthy Paret et al. (2018) Y 1 Nc (no CG) NR NA NA
Posse et al. (2003) Y 1 to 5 Y (no CG) NA NA NA

unspec. up healthy Marxen et al.
(2016)

N 3 N (no CG) N Nd NA

down negative down healthy Brühl et al. (2014) Y 4 Y (no CG) Y NA NA
Herwig et al.
(2019)

Y 4 Y (CG þþ) Y Ne NA

Paret et al. (2014) Y 1 Y (CG -) NR Y (CG þ) NA
Paret et al. (2018) Y 1 Nf (no CG) NR NA NA

BPD Paret et al.
(2016a)

Y 4 Y (no CG) NR N Y (no CG)

PTSD Nicholson et al.
(2017)

Y 1 Y (no CG) N Y NA

Nicholson et al.
(2018)

Y 1 Y (no CG) N Y NA

unspec. down healthy Marxen et al.
(2016)

N 3 N (no CG) N Y NA

anterior insula up positive up healthy Cohen Kadosh
et al. (2016)

N 4 NAg (no CG) N NA NA

negative up healthy Veit et al. (2012) Y 1 Y (no CG) N NA NA
Yao et al. (2016) N 1 Y (CG þþ) Y Y (CG þþ) Y (CG þþ)

unspec. up healthy Berman et al.
(2013)

N 1 Y (no CG) N N NA

Caria et al. (2007) N 1 Y (CG þ) Y Y (CG NA) NA
Caria et al. (2010) N 1 Y (CG þþ) Y NA Y (CG þþ)
Lawrence et al.
(2014)

N 1 Y (CG þþ) Y NA N

schizophrenia Ruiz et al. (2013) N 4 Y (no CG) Y N Y (no CG)

down negative down healthy Veit et al. (2012) Y 1 Nh (no CG) N NA NA

negative down spider phobia Zilverstand et al.
(2015)

Y 1 Y (CG þþ) Y NA Y (CG þþ)

unspec. down healthy Cohen Kadosh
et al. (2016)

N 4 NAf (no CG) N NA NA

ACC up positive up PTSD Zweerings et al.
(2018).i

N 3 Y (no CG) Y Y (no CG) Y (no CG)

unspec. up healthy Gr€one et al.
(2014a)

N 1 Y (no CG) Y NA Y

down positive up healthy Hamilton et al.
(2011)

N 1 Y (CG þþ) N N NA

negative down depression MacDuffie et al.
(2018)

N 1 NR (no CG) NR NA Y

OFC up þ down negative
up þ down

contam.
anxiety

Scheinost et al.
(2013)

Y 2 NR NR NR Y (CG þþ)

NAcc up positive up healthy Greer et al. (2014) N 1 Y (no CG) N N NA

down unspec. down healthy Greer et al. (2014) N 1 N (no CG) N N NA

SN/VTA up positive up healthy Sulzer et al.
(2013)

N 1 Y/Nj (CG þ) N Y NA

(continued on next page)
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Table 3 (continued )

Region Task Emotions Population Studies Emotional
stimuli

NF
sessions

ROI regulation
(vs. CG)

Training time
effect

Transfer
effect

Cogn./clin. effects vs.
baseline (and CG)

PFC up negative down healthy Sarkheil et al.
(2015)

Y 1 NR (CG -) NR NA N

spider phobia Zilverstand et al.
(2015)

Y 1 Y (CG -) N NA Y (CG þþ)

PFC-limbic
connectivity

up positive up healthy Koush et al.
(2017)

Y 3 Y (CG þþ) Y Y (CG þþ) Y (CG þþ)

Y¼ yes, N¼ no, NA¼ not assessed, NR¼ not reportedACC¼ anterior cingulate cortex, AI¼ anterior insula, BPD¼ borderline personality disorder, CG¼ control group,
clin.¼ clinical, cogn.¼ cognitive, contam.¼ contamination, NAcc¼ nucleus accumbens, OCD¼ obsessive-compulsive disorder, OFC¼ orbitofrontal cortex,
PFC¼ prefrontal cortex, PTSD¼ posttraumatic stress disorder, ROI¼ region of interest, SN/VTA¼ substantia nigra/ventral tegmental area, unspec.¼ unspecified.

a Results FDR corrected.
b ROI regulation significant only in the first out of three sessions.
c Refers to comparison with control “view” condition; ROI upregulation was significant in comparison with “down” condition.
d Refers to comparison with “rest” condition; ROI upregulation was significant in comparison with “down” condition in transfer run.
e As compared to baseline task performed before NF training.
f Refers to comparison with control “view” condition; ROI downregulation was significant in comparison with “up” condition.
g Only comparison of downregulation vs. upregulation conditions available.
h Refers to comparison with “no-regulation” condition, comparison with “up-regulation” condition was significant.
i No relevant CG for evaluation of the NF effect, CG included healthy participants who underwent the same procedure as participants in the EG.
j Yes based on average results per three runs; No based on the results from the last run.
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to interpret because no neutral control condition was used. However, the
subjects in the study by Veit et al. (2012) demonstrated successful AI
upregulation, but not downregulation, suggesting that downregulating
AI could be more challenging than upregulating it.

In sum, NF has been found to promote AI upregulation in healthy
people. AI upregulation with the use of NF has also been found successful
in patients with schizophrenia, but comparison with a control group is
needed. AI downregulation, in contrast, seems to be more challenging,
but still possible, as demonstrated by successful AI downregulation in
phobia patients, associated with long-term anxiety decreases, as
compared to a control group (Zilverstand et al., 2015).

4.1.3. Other regions related to emotional arousal
ACC has been successfully upregulated with the use of NF in healthy

people (Gr€one et al., 2014b) and in patients with PTSD (Zweerings et al.,
2018) in which the NF training also led to decreased PTSD symptoms.
Moreover, NF led to more successful ACC downregulation in an experi-
mental group as compared to a control group in healthy people (Ham-
ilton et al., 2011). Note that ACC upregulation (Zweerings et al., 2018)
and downregulation (Hamilton et al., 2011; subgenual ACC) was ach-
ieved by the same strategy, specifically by increasing positive emotions.
This fact probably relates to functional differentiation of ACC subparts
(Stevens et al., 2011) which should be addressed in rt-fMRI-NF studies
using ACC.

OFC has been selected as a suitable region for rt-fMRI-NF training in
patients with OCD because of its hyperactivity associated with OCD
symptoms (Mataix-Cols et al., 2004, 2003). The respective studies
(Scheinost et al., 2014, 2013) used a design in which the subjects were
trained to both downregulate and upregulate the OFC to achieve better
general control over it (Hampson et al., 2012). Regulation success for
OFC downregulation and upregulation in comparison to control condi-
tions was not presented in these studies; however, the training led to
significant long-term decreases in anxiety in subjects with contamination
anxiety as compared to the control group (Scheinost et al., 2013), and to
some decrease in anxiety in patients with OCDwhich was not statistically
evaluated because of the small sample size (Scheinost et al., 2014).

Finally, upregulation of dopaminergic reward-related areas was
found to be successful with positive emotion upregulation in healthy
people in two studies (Greer et al., 2014; Sulzer et al., 2013). Down-
regulation of these regions seems to be more challenging, as demon-
strated by unsuccessful downregulation as compared to control
conditions in Greer et al. (2014).
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4.1.4. Prefrontal cortex
NF did not yield augmented PFC-regulation in two studies that

explored this issue (see Table 3). The results suggest that the PFC can be
regulated with or without NF, but that subjects do not regulate the PFC
better with PFC NF presentation. However, although subjects with spider
phobia did not regulate the PFC more than the control group in Zilver-
stand et al. (2015), the presence of the PFC NF signal may have influ-
enced the successful AI and anxiety downregulation observed in this
study. Similarly, in Sarkheil et al. (2015), the subjects did not regulate
the PFC more than the control group, but amygdala activity was signif-
icantly lower in the experimental group who trained emotion regulation
with PFC NF as compared to the control group. Koush et al. (2017)
presented NF not separately from the PFC, but directly from
prefrontal-limbic connectivity, which was found to represent cognitive
emotion regulation ability (Ochsner et al., 2012). The authors found that
healthy people were able to upregulate connectivity between DMPFC and
the amygdala more successfully than the control group. In sum, it seems
that the PFC regulation is not improved by NF, but that presentation of
NF from the PFC might improve regulation of other regions, such as the
amygdala or insula.

4.1.5. Individualized target areas
Some studies did not use a predefined region from which to present

NF, but instead located target regions individually by functional navi-
gation. This approach may result in NF more closely corresponding with
a specific function/emotion and may overcome individual differences in
functional localization. On the other hand, interpretation of the results is
more difficult, because subjects regulate different neural patterns within
one study, not necessarily confined to a particular brain region (see
Table 4). Brain targets in these studies are navigated either by the BOLD
signal contrast between watching emotional vs. neutral pictures, or by
the BOLD signal corresponding to emotional imagery. The resulting brain
targets are usually located within areas such as the insula, amygdala,
ACC, or various PFC regions (see Table 4). In some studies, a corre-
sponding brain network pattern rather than a single target region has
been found by computational methods and used for NF (Li et al., 2016a,
2016b; Lorenzetti et al., 2018; Moll et al., 2014). In all of these studies
with available respective analyses, the successful regulation of brain
targets in comparison to control conditions and control groups has been
observed with one exception (Mehler et al., 2018; see Table 4). Thus,
individual navigation of brain targets for NF generally leads to successful
ROI regulation in healthy people which seems to be augmented by NF.



Table 4
Evaluation of the results of studies with individually navigated brain targets in relation to functional navigation type, target population, and emotion regulation
protocols.

Study Functional navigation (target
areas)

Task Emotions Population Emotional
stimuli

NF
sessions

ROI
regulation

Training
time effect

Transfer
effect

Cogn./clin.
effects vs.
baseline (and
CG)

Hamilton
et al.
(2016)

watching negative pictures (AI,
OFC, dACC, IFG)

down negative
down

healthy
subjects

Y 1 NR NR Y (CG
þþ)

Y (CG þþ)

Johnston
et al.
(2010)

watching negative vs. neutral
pictures (VLPFC, insula, MTL
incl. amygdala)

up unspec. up healthy
subjects

N 1 Y (no CG) Y NA NR

Johnston
et al.
(2011)

watching positive vs. neutral
pictures (VLPFC, insula,
amygdala)

up unspec. up healthy
subjects

N 1 Y (CG þþ) Y NA N

Li et al.
(2016a)

MVPA of happy/sad mental
imagery

up unspec. up healthy
subjects

N 1 NR (no CG) NR NA NA

Li et al.
(2016b) b

MVPA of happy/sad mental
imagery

up positive up healthy
subjects

N 1 Y (CG þþ) Y NA N

Linden et al.
(2012)

watching positive vs. neutral
pictures (VLPFC, insula,
DLPFC)

up positive up patients with
depression

N 4 Y (CG
outside
scanner)

Y NA Y (CG þþ)

Lorenzetti
et al.
(2018)

tenderness/anguish vs. neutral,
2 methods: 1. ROI: septo-
hypothalamic area
(tenderness), right amygdala
(anguish); 2. SVM)

up positive
and
negative up

healthy
subjects

N 2 Yc (no CG) NR NA Y

Mehler et al.
(2018) d

watching positive vs. neutral
pictures (limbic and frontal
regions)

up positive up patients with
depression

N 4 N (CG -) N N Y (CG -)

Moll et al.
(2014) a

SVM of tenderness and pride up positive up healthy
subjects

N 1 Y (CG þþ) Y NA N

Y¼ yes, N¼ no, NA¼ not assessed, NR¼ not reportedAI¼ anterior insula, CG¼ control group, clin.¼ clinical, cogn.¼ cognitive, contam.¼ contamination,
dACC¼ dorsal anterior cingulate cortex, DLPFC¼ dorsolateral prefrontal cortex, IFG¼ inferior frontal gyrus, MTL¼middle temporal lobe, MVPA¼multivoxel pattern
analysis, OCD¼ obsessive-compulsive disorder, OFC¼ orbitofrontal cortex, ROI¼ region of interest, SVM¼ support vector machine, unspec.¼ unspecific,
VLPFC¼ ventrolateral prefrontal cortex.

a Yes based on average results per three runs; No based on the results from the last run.
b ROI regulation results are based on percentage of trials correctly classified by SVM classifier, taken as an indicator of successful engagement of ROI reflecting

predefined emotional state.
c Results FWE corrected.
d Results FDR corrected.
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One study also demonstrated successful ROI regulation in patients with
depression with improvement in depression scores as compared to a
control group.
4.1.6. Summary of brain targets and populations

In sum, the amygdala and AI were shown to be suitable targets for rt-
fMRI-NF in healthy people and in several patient groups. Amygdala ac-
tivity turned out to be a feasible target for upregulation by increasing
positive emotions and for downregulation by decreasing negative emo-
tions. In contrast, the feasibility of AI upregulation gainedmore empirical
support than downregulation in healthy people, though one study
showed positive outcomes for phobic patients (Zilverstand et al., 2015).
Other regions related to emotional processing, such as the ACC, OFC, and
dopaminergic reward-related regions, appear to be suitable for NF in
emotion regulation as well. On the other hand, PFC regulation does not
seem to be augmented by NF, at least in studies that presented NF from a
predefined region. The presence of PFC NF can be associated with
decreased activity in limbic regions and reduction in clinical symptoms.
The feasibility of prefrontal regulation is more consistent in studies that
used individual functional navigation of ROIs. Connectivity-based NF
seems to be a promising path to NF emotion regulation training.
Although the individual selection of target regions based on functional
navigation has been shown to produce successful NF regulation in
healthy people and patients with depression, this approach may have
limitations for patient populations in general. It is possible that regions
could not be detected by functional localizer tasks because these regions
87
are not activated in the contrast due to functional impairment. In terms of
patient populations suitable for NF, patients with depression, PTSD, OCD,
contamination anxiety, spider phobia, BPD, and schizophrenia have been
shown to be able to regulate the activity of various brain regions using NF
presentation, though more studies with control groups are needed. Some
studies have also shown improvement in clinical symptoms and potential
for long-term clinical effect sustainability following NF training. Since
many studies lack control groups and/or cognitive/clinical effect evalu-
ation, the conclusions are rather preliminary and require further empir-
ical testing and more conservative elaboration in the future (e.g., by a
meta-analysis when enough data is generated).
4.2. Emotion regulation protocols

4.2.1. Upregulation tasks
All but one study instructing subjects to upregulate positive emotions

presented no additional stimuli (Fig. 2). Another group of studies simi-
larly did not present any additional stimuli but instructed the subjects to
use either positive or negative mental strategies for upregulation
(referred to as “unspecified upregulation”). The majority of these studies
show positive results irrespective of brain targets and populations (see
Table 3), although comparisons with control groups are absent in some
studies. The relative lack of studies presenting additional stimuli and
instructing subjects to upregulate emotions may stem from the task
characteristic itself: if we want the subjects to learn to increase the in-
tensity of their emotional experiences, it could be counterproductive to
evoke emotions by presenting additional stimuli at the beginning of the
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trial. In such designs, a possible ceiling effect could prevent subjects from
further increasing their emotions. Another reason could be that most
upregulation studies instruct subjects to use mental imagery for upre-
gulation, which can potentially interfere with other visual stimuli.

On the other hand, Koush et al. (2017) showed that positive emotion
upregulation using additional stimuli is possible. In this study, NF led to
more successful PFC-limbic connectivity upregulation in subjects who
were watching positive social situation pictures and their task was to
imagine experiencing the scene. This study shows the potential for
enhancing positive emotions associated with specific, e.g. socially
desirable stimuli. In contrast, several studies used the upregulation of
negative emotions with the presentation of additional stimuli. In contrast
to the study by Paret et al. (2018), subjects in the study by Veit et al.
(2012) were able to upregulate AI while watching threat pictures by
imagining themselves being involved in the situation. The discrepancy in
the results of the two studies is likely related to the different target re-
gions. While upregulation of amygdala activity by increasing negative
emotions during simultaneous presentation of negative stimuli is difficult
because of the ceiling effect, upregulation of AI activity in the same sit-
uation could be more feasible because AI is involved not only in the
processing of negative emotions, but also in the general NF control
network (Emmert et al., 2016; Paret et al., 2018).

4.2.2. Downregulation tasks
All but one study focused on downregulating negative emotions

presented emotion-evoking stimuli (see Fig. 2). The suitability of this
approach, i.e. arousing emotions by external stimuli and the subsequent
downregulation of the evoked emotions, is supported by successful brain
target regulation in the majority of respective studies, irrespective of the
target population and the nature of the emotional stimuli (see Table 3).
The two studies that did not find regulation success compared to control
conditions were from Veit et al. (2012) and Paret et al. (2018). As
mentioned earlier, mixing downregulation and upregulation in these
studies could have made the negative downregulation more difficult.
However, the absence of control groups in most of these studies pre-
vented the evaluation of NF-added value. The only study involving
negative emotion downregulation without emotional stimuli used an
approach in which the subjects were first instructed to upregulate
negative emotions themselves using mental imagery and, subsequently,
to downregulate those negative emotions (MacDuffie et al., 2018), but
the results of the ROI downregulation were not reported in this study.

Downregulation of positive emotions has not been studied. Two out of
four studies referred to in Fig. 2 and Table 2 as “unspecified down-
regulation” instructed subjects to decrease overall emotional experiences
without presenting any additional stimuli; subjects were instructed spe-
cifically to relax or “turn off the engine” (Cohen Kadosh et al., 2016) or to
imagine boring events (Greer et al., 2014). This approach could serve for
more general, situation-unspecific training of relaxation or meditation
that could be aided by fMRI-NF. However, existing studies do not provide
sufficient support for the success of this approach due to a lack of control
conditions and control groups. To be successful, this kind of neural
regulation may require more training time, since the number of sessions
in the current studies was limited. Another two studies exploring un-
specified downregulation (Marxen et al., 2016; Weiskopf et al., 2003) did
not provide the subjects with any instructions for regulation. Weiskopf
et al. (2003) presented only single-subject data; the subjects in Marxen
et al. (2016) did not downregulate ROI during the NF training as
compared to the control condition, but they were successful in transfer
runs.

In sum, the use of NF to upregulate either positive or negative emo-
tions seems to be possible without presenting additional stimuli, though
success depends on the target region. A few studies show the feasibility of
upregulating emotions with a parallel presentation of emotion-evoking
stimuli, though this task seems prone to failure. On the other hand,
downregulation training seems to be more suitable with the use of stimuli
to evoke emotions that can be consequently downregulated.
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4.2.3. Ethical issues in emotion upregulation and downregulation
While upregulating positive emotions and downregulating negative

emotions represent clearly desirable tasks from a clinical point of view,
the upregulation of negative emotions and downregulation of positive
emotions bring some ethical concerns. How could it be useful to promote
negative emotions? In total, 10 studies included negative upregulation.
The studies can be divided into three categories based on the purpose of
the negative upregulation. Lorenzetti et al. (2018), Paret et al. (2018),
Posse et al. (2003), and Veit et al. (2012) used negative upregulation
training in healthy people from a basic science perspective, i.e. to
examine the neural correlates of the negative emotion upregulation
process. These studies contributed to the understanding of brain mech-
anisms of emotion regulation, NF control, and NF monitoring.

Two other studies used negative upregulation with the aim of pro-
moting emotional awareness or empathy, specifically Sitaram et al.
(2014) in sexual offenders and Yao et al. (2016) in healthy people.
Emotional awareness, including awareness of both positive and negative
emotions, is an important condition for adaptive emotion regulation
(Gross and Jazaieri, 2014) and it is decreased in many psychiatric patient
populations, such as patients with eating disorders (Westwood et al.,
2017), schizophrenia (O'Driscoll et al., 2014), addiction (Morie et al.,
2017), and somatization disorders (De Gucht and Heiser, 2003). Thus,
negative upregulation as part of emotional awareness training could be
theoretically beneficial in patient groups with reduced emotional
awareness, but careful debriefing and clinical monitoring is needed to
prevent any adverse effects on emotional wellbeing.

Finally, MacDuffie et al. (2018), Rance et al. (2018), Scheinost et al.
(2013), and Scheinost et al. (2014) used negative upregulation together
with negative downregulation as part of training to generally control the
target brain area. Since all four studies demonstrated improvements in
some cognitive or clinical outcomes in the experimental groups, such an
approach could constitute a promising method of brain activity regula-
tion learning, possibly by teaching the patients flexible neural control or
by making the patients aware of the mental processes that promote
symptom intensity.

Overall, using negative upregulation might be useful in some cases,
but could be harmful in others. It is necessary to point out that rt-fMRI-NF
has the potential to induce long-term changes that should be considered
when implementing negative upregulation in NF designs. The question
remains whether positive emotion downregulation, which has not yet
been used in rt-fMRI-NF studies, could be also beneficial in some way.
Although intentional reduction of positive emotions may sound clinically
irrelevant or even inappropriate, it could theoretically be useful in pa-
tients who show exaggerated reactions to positive stimuli with possibly
adverse consequences, such as patients with bipolar disorder (Keener
et al., 2012) or with high positive urgency (Cyders and Smith, 2007).

4.3. Continuous vs. intermittent NF

Hellrung et al. (2018) directly compared success in amygdala upre-
gulation between continuous and intermittent NF with a no NF control
group. The authors conclude that intermittent presentation is superior to
continuous presentation because continuous NF is more cognitively
demanding. However, this factor did not lead to a difference in regulation
success between the groups, suggesting that both methods of NF pre-
sentation (i.e., continuous and intermittent) may have their specific
characteristics, but can be similarly effective. Regarding the hypothesis
that intermittent NF may be more useful in studies with additional
stimuli presentation due to the reduction of visual distractors, all studies
that presented NF in the intermittent form also presented emotional
stimuli (Buyukturkoglu et al., 2015; Hamilton et al., 2016; Koush et al.,
2017; Posse et al., 2003; Sarkheil et al., 2015; Zilverstand et al., 2015).
However, ROI regulation success seems to follow from different param-
eters than the choice of continuous or intermittent NF presentation in
these studies. Specifically, ROI regulation was successful for all ROIs in
these studies except the PFC regulation in Sarkheil et al. (2015) and
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Zilverstand et al. (2015) and the results of Buyukturkoglu et al. (2015)
are influenced by low statistical power. On the other hand, another group
of studies that presented emotion-evoking stimuli used continuous NF
(Brühl et al., 2014; Herwig et al., 2019; Nicholson et al., 2017; Paret
et al., 2018, 2016a; 2014; Rance et al., 2018; Scheinost et al., 2014, 2013;
Veit et al., 2012), but most of these studies did not use a control group or
do not report regulation success or found differences only in down-
regulation vs. upregulation blocks, not in comparison to a baseline con-
trol condition.

In sum, successful ROI regulation in studies with emotion evoking
stimuli were reported in studies with both intermittent (Hamilton et al.,
2016; Koush et al., 2013; Zilverstand et al., 2015) and continuous (Brühl
et al., 2014; Herwig et al., 2019; Paret et al., 2016a, 2014) NF. However,
there is currently not enough evidence to state whether the use of
continuous or intermittent NF is superior in emotion regulation. More
studies comparing both continuous and intermittent NF presentation are
needed, especially studies with simultaneous emotional stimuli
presentation.
4.4. Control groups

Some changes following the presentation of alternate ROI NF in
control groups were found; however, the observed effects were more
pronounced in the experimental groups. Specifically, healthy subjects in
both the experimental and control groups in the study by Paret et al.
(2014) were able to downregulate the amygdala, but the effect persisted
in the transfer run only in the experimental group, and connectivity with
the VMPFC only increased with amygdala NF (Paret et al., 2016b). Yuan
et al. (2014) found altered amygdala connectivity in both the experi-
mental and control groups in patients with depression; however, it was
related to decreased depression symptoms only in the experimental
group. Other studies found successful regulation and behavioral effects
only in experimental groups (Hamilton et al., 2016; Lawrence et al.,
2014; Misaki et al., 2018; Yao et al., 2016; Young et al., 2017b, 2014,
Zotev et al., 2018, 2011). The only study with alternate ROI NF control
group which found the same pattern of results in experimental and
control groups is the study by Mehler et al. (2018); however, the study
presents results only with FDR correction which probably makes the
results underestimated in comparison to the majority of studies pre-
senting uncorrected results.

Studies which used yoked NF in control groups generally did not find
regulation success or cognitive/clinical effects in the control groups in
healthy people (Hamilton et al., 2011; Koush et al., 2017), patients with
depression (Hamilton et al., 2016), or patients with anxiety (Rance et al.,
2018; Scheinost et al., 2013). From the studies with no NF control group,
Zilverstand et al. (2015) found reduced anxiety after AI downregulation
training in both the experimental and the control group, supporting the
learning potential of the emotion regulation protocol itself; however, the
effect was again more pronounced in the experimental group (regarding
both AI downregulation and anxiety decrease). Other studies found
successful NF regulation or cognitive/clinical effects only in experi-
mental groups (Hellrung et al., 2018; Johnston et al., 2011; Li et al.,
2016b; Moll et al., 2014; Sarkheil et al., 2015). Two studies provided a
direct comparison of multiple control groups (Caria et al., 2010, 2007). In
both studies, healthy people were instructed to upregulate AI and the
regulation was successful only in the experimental group as compared to
the no NF and alternate ROI NF control groups. However, samples in both
studies are too small to draw further conclusions about the control group
types.

In sum, regardless of control group type, most studies show some
effects in experimental groups exclusively. Although some studies
demonstrated either successful ROI regulation or cognitive/clinical ef-
fects in control groups, the results were usually more pronounced in
experimental groups, demonstrating an additional effect of NF. First, it
should be noted that at least some of the findings likely result from
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unplanned exploratory analyses. Therefore, the risk of false positives is
increased and findings that have not yet been replicated should be
interpreted with caution. Second, there is no evidence that yoked or
alternate ROI NFwould lead to worse performance or negative cognitive/
clinical effects, with the exception of the study by Caria et al. (2010) in
which the control group decreased activity in AI while their task was AI
upregulation. Third, yoked NF could undermine learning emotion regu-
lation by confusing the subjects, leading to an absence of changes in
control groups. Compared to yoked NF, more effects in both regulation
success and cognitive/clinical effects have been observed in control
groups with alternate ROI NF of the subject's own brain. It is theoretically
possible that subjects can partially profit from seeing this form of NF that
still results from activity in their own brains. Fourth, only one study in
which the control group used no NF found partial effects in the control
group. However, learning can be undermined in such no NF groups
because of the absence of blinding and the different motivational aspects
between the experimental and control groups. More studies with suffi-
ciently large samples and appropriate blinding are needed to directly
compare outcomes with different control group types.

4.5. Emotion regulation instructions

Studies differ in the type of emotion regulation instructions (e.g.,
mental imagery or cognitive reappraisal; see Fig. 4), as well as in the level
of instruction detail or previous training in emotion regulation strategies.
For example, in studies instructing subjects to use emotional imagery,
some authors performed interviews with the subjects before the experi-
ment to facilitate emotion retrieval (Young et al., 2014; Yuan et al., 2014;
Zotev et al., 2016, 2013, 2011) or instructed subjects to write down
several specific memories before the experiment (Li et al., 2016b, 2016a;
Zotev et al., 2014). Brühl et al. (2014) provided simple instructions for
cognitive reappraisal; Sarkheil et al. (2015) and Zilverstand et al. (2015)
provided subjects with previous training of cognitive reappraisal. Some
studies provided only more general instructions (see in Fig. 4).

Based on the current literature, it is not possible to say whether it is
more advantageous to provide subjects with specific strategies or even
training, or rather to let the subjects to find their own strategies during
the task. However, providing subjects with no information about the
regulation task at all seems to create more difficult conditions, as
demonstrated by the overall unsuccessful results in ROI regulation during
three fMRI sessions in the study by Marxen et al. (2016). In some cases,
providing specific instructions might be necessary to prevent the use of
undesirable strategies. This is especially a concern for upregulation
studies providing NF from brain targets such as the amygdala or AI, since
their activity increases with emotional intensity irrespective of emotional
valence. If no strategies or strategies for unspecific emotional imagina-
tion are provided, the subjects can increase ROI activity with both pos-
itive and negative emotions, which might not be desirable in some cases.
For example, in patients with depression, it might be necessary to specify
the need for employing positive emotion-evoking strategies; the unde-
sirable use of negative emotion-evoking strategies for ROI upregulation
might even be harmful.

4.6. Suggestions for results presentation in rt-fMRI-NF studies

As can be seen in Tables 3 and 4, studies differ in the parameters
according to which they evaluate the success of NF training. Most studies
present the results of several analyses; however, only a few take into
account correction for multiple comparisons. Thus, there is an increased
risk of false positives. On the other hand, some studies do not present the
evaluation of ROI regulation results at all, making it impossible to eval-
uate the study in this respect based on the published information.
Another problem is the frequent absence of control groups, which makes
it impossible to conclude firmly whether NF led to the improvement of
ROI regulation. In addition, as previously raised by Thibault et al. (2018),
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experiment results are often overstated. For instance, significant ROI
regulation found only in a small part of the NF training can be presented
as overall successful ROI regulation. Some studies also describe statistical
trends as positive results.

We believe that the quality of rt-fMRI-NF in emotion regulation can
be significantly improved by establishing a consensus on which results
should be reported and by preplanning the analysis accordingly. Based on
this literature review, we have several recommendations for result pre-
sentation for forthcoming NF studies.

First, ROI activity regulation as compared to control conditions is one
of the most fundamental results of such studies, and therefore it should be
reported. Control conditions should be designed so that they are as close
as possible to the experimental condition. For example, when comparing
upregulation while watching emotional pictures with upregulation while
watching neutral pictures or with resting, it is more likely to find suc-
cessful ROI regulation with the emotional pictures. A more appropriate
control condition could be watching similar emotional pictures without
attempting regulation.

Second, if we suppose that NF induces learning of ROI regulation, the
analyses of linear trends in ROI regulation should be presented.
Furthermore, results should be reported for time blocks separately, or in
addition to the average per session.

Third, if possible, control groups should be implemented in studies
and the results of comparisons between experimental and control groups
in all analyzed parameters should be reported.

Fourth, the consequences of NF training should be evaluated. This can
be done in multiple ways. One way is implementing and analyzing
transfer runs. Additionally, studies with patient samples should evaluate
the clinical effects of NF training. If possible, it is appropriate to assess
long-term clinical effects since some existing studies suggest that the NF
training effects could be delayed.

It is worth noting that some studies demonstrate clinical benefits of
NF training, although they did not find significant ROI regulation (e.g.,
Zotev et al., 2018) or they did not report relevant results (Hamilton et al.,
2016; MacDuffie et al., 2018; Scheinost et al., 2013). It is possible that NF
training can induce beneficial effects even though ROI regulation during
NF training was not successful. This could be explained by short NF
training (typically one session), low statistical power of the study (e.g.,
small sample), or correction for multiple comparisons (if it was applied).
The consistent presentation of ROI regulation in the literature can aid
future meta-analyses in resolving this issue.

5. Conclusion

Real-time fMRI neurofeedback (rt-fMRI-NF) is a promising tool for
emotion regulation enhancement in some groups of patients with mental
disorders associated with emotion regulation impairment. The strongest
support for the beneficial effect of rt-fMRI-NF has been shown in
increasing positive emotion experiencing in patients with depression and
in decreasing anxiety in patients with anxiety disorders. Symptom
reduction following NF training has been reported in patients with PTSD,
BPD, and schizophrenia, but the absence of direct comparisons with
control groups in these studies makes it impossible to evaluate the added
value of NF.

The ability to aggregate results is limited because of the lack of
standards for evaluating results. Future studies are well advised to adhere
to widely accepted guidelines in reporting results, such as the guidelines
outlined in the consensus paper preprint by Ros et al. (2019). The field
will benefit from explicit differentiation of a priori and exploratory hy-
potheses, and of reporting of ROI regulation success. The use of control
groups and assessments of clinical symptom changes following NF
training in patient groups is also recommended.

Declaration of interests

None.
90
Funding

This work was funded by the Ministry of Health of the Czech Republic
grant no. 15-30062A, Ministry of Health of the Czech Republic – Con-
ceptual Development of Research Organization (“FNBr, 65269705”) and
by the Ministry of Education, Youth and Sports of the Czech Republic –

Specific University Research project no. MUNI/A/1469/2018.

Acknowledgements

Thanks to Anne Johnson for English-language editing. Thanks to
Miloslav Klugar, Ph.D. director of Cochrane Czech Republic, the Czech
Republic Joanna Briggs Collaboration, and Masaryk University GRADE
center for his help with literature review methodology.

References

Berman, B.D., Horovitz, S.G., Hallett, M., 2013. Modulation of functionally localized right
insular cortex activity using real-time fMRI-based neurofeedback. Front Hum
Neurosci 7, 1–11. https://doi.org/10.3389/fnhum.2013.00638.

Brühl, A.B., Scherpiet, S., Sulzer, J., St€ampfli, P., Seifritz, E., Herwig, U., 2014. Real-time
neurofeedback using functional MRI could improve down-regulation of amygdala
activity during emotional stimulation: a proof-of-concept study. Brain Topogr. 27,
138–148. https://doi.org/10.1007/s10548-013-0331-9.

Buyukturkoglu, K., Roettgers, H., Sommer, J., Rana, M., Dietzsch, L., Arikan, E.B., Veit, R.,
Malekshahi, R., Kircher, T., Birbaumer, N., Sitaram, R., Ruiz, S., 2015. Self-regulation
of anterior insula with real-time fMRI and its behavioral effects in obsessive-
compulsive disorder: a feasibility study. PLoS One 10, 1–27. https://doi.org
/10.1371/journal.pone.0135872.

Caria, A., Sitaram, R., Veit, R., Begliomini, C., Birbaumer, N., 2010. Volitional control of
anterior insula activity modulates the response to aversive stimuli. A real-time
functional magnetic resonance imaging study. Biol. Psychiatry 68, 425–432. https://
doi.org/10.1016/j.biopsych.2010.04.020.

Caria, A., Veit, R., Sitaram, R., Lotze, M., Weiskopf, N., Grodd, W., Birbaumer, N., 2007.
Regulation of anterior insular cortex activity using real-time fMRI. Neuroimage 35,
1238–1246. https://doi.org/10.1016/j.neuroimage.2007.01.018.

Cohen Kadosh, K., Luo, Q., de Burca, C., Sokunbi, M.O., Feng, J., Linden, D.E.J.,
Lau, J.Y.F., 2016. Using real-time fMRI to influence effective connectivity in the
developing emotion regulation network. Neuroimage 125, 616–626. https://doi.
org/10.1016/j.neuroimage.2015.09.070.

Cyders, M.A., Smith, G.T., 2007. Mood-based rash action and its components: positive and
negative urgency. Pers. Indiv. Differ. 43, 839–850. https://doi.org/10.1016
/j.paid.2007.02.008.

De Gucht, V., Heiser, W., 2003. Alexithymia and somatisation: a quantitative review of
the literature. J. Psychosom. Res. 54, 425–434.
https://doi.org/10.1016/S0022-3999(02)00467-1.

Emmert, K., Kopel, R., Sulzer, J., Brühl, A.B., Berman, B.D., Linden, D.E.J., Horovitz, S.G.,
Breimhorst, M., Caria, A., Frank, S., Johnston, S., Long, Z., Paret, C., Robineau, F.,
Veit, R., Bartsch, A., Beckmann, C.F., Van De Ville, D., Haller, S., 2016. Meta-analysis
of real-time fMRI neurofeedback studies using individual participant data: how is
brain regulation mediated? Neuroimage 124, 806–812. https://doi.org/10.1016/j.
neuroimage.2015.09.042.

Gerin, M.I., Fichtenholtz, H., Roy, A., Walsh, C.J., Krystal, J.H., Southwick, S.,
Hampson, M., 2016. Real-time fMRI neurofeedback with war veterans with chronic
PTSD: a feasibility study. Front. Psychiatry 7, 1–11. https://doi.org/10.3389/fpsyt.2
016.00111.

Greer, S.M., Trujillo, A.J., Glover, G.H., Knutson, B., 2014. Control of nucleus accumbens
activity with neurofeedback. Neuroimage 96, 237–244. https://doi.org/10.1016/j.
neuroimage.2014.03.073.

Groenewold, N.A., Opmeer, E.M., de Jonge, P., Aleman, A., Costafreda, S.G., 2013.
Emotional valence modulates brain functional abnormalities in depression: evidence
from a meta-analysis of fMRI studies. Neurosci. Biobehav. Rev. 37, 152–163. https://
doi.org/10.1016/j.neubiorev.2012.11.015.

Gr€one, M., Dyck, M., Koush, Y., Bergert, S., Mathiak, K.A., Alawi, E.M., Elliott, M.,
Mathiak, K., 2014a. Upregulation of the rostral anterior cingulate cortex can alter the
perception of emotions: fMRI-based neurofeedback at 3 and 7 T. Brain Topogr. 28,
197–207. https://doi.org/10.1007/s10548-014-0384-4.

Gr€one, M., Dyck, M., Koush, Y., Bergert, S., Mathiak, K.A., Alawi, E.M., Elliott, M.,
Mathiak, K., 2014b. Upregulation of the rostral anterior cingulate cortex can alter the
perception of emotions: fMRI-based neurofeedback at 3 and 7. T. Brain Topogr. 28,
197–207. https://doi.org/10.1007/s10548-014-0384-4.

Gross, J.J., Jazaieri, H., 2014. Emotion, emotion regulation, and psychopathology: an
affective science perspective. Clin. Psychol. Sci. 2, 387–401. https://doi.org/10.11
77/2167702614536164.

Hamilton, J.P., Glover, G.H., Bagarinao, E., Chang, C., Mackey, S., Sacchet, M.D.,
Gotlib, I.H., 2016. Effects of salience-network-node neurofeedback training on
affective biases in major depressive disorder. Psychiatry Res. Neuroimaging. 249,
91–96. https://doi.org/10.1016/j.pscychresns.2016.01.016.

Hamilton, J.P., Glover, G.H., Hsu, J.J., Johnson, R.F., Gotlib, I.H., 2011. Modulation of
subgenual anterior cingulate cortex activity with real-time neurofeedback. Hum.
Brain Mapp. 32, 22–31. https://doi.org/10.1002/hbm.20997.

https://doi.org/10.3389/fnhum.2013.00638
https://doi.org/10.1007/s10548-013-0331-9
https://doi.org/10.1371/journal.pone.0135872
https://doi.org/10.1371/journal.pone.0135872
https://doi.org/10.1016/j.biopsych.2010.04.020
https://doi.org/10.1016/j.biopsych.2010.04.020
https://doi.org/10.1016/j.neuroimage.2007.01.018
https://doi.org/10.1016/j.neuroimage.2015.09.070
https://doi.org/10.1016/j.neuroimage.2015.09.070
https://doi.org/10.1016/j.paid.2007.02.008
https://doi.org/10.1016/j.paid.2007.02.008
https://doi.org/10.1016/S0022-3999(02)00467-1
https://doi.org/10.1016/j.neuroimage.2015.09.042
https://doi.org/10.1016/j.neuroimage.2015.09.042
https://doi.org/10.3389/fpsyt.2016.00111
https://doi.org/10.3389/fpsyt.2016.00111
https://doi.org/10.1016/j.neuroimage.2014.03.073
https://doi.org/10.1016/j.neuroimage.2014.03.073
https://doi.org/10.1016/j.neubiorev.2012.11.015
https://doi.org/10.1016/j.neubiorev.2012.11.015
https://doi.org/10.1007/s10548-014-0384-4
https://doi.org/10.1007/s10548-014-0384-4
https://doi.org/10.1177/2167702614536164
https://doi.org/10.1177/2167702614536164
https://doi.org/10.1016/j.pscychresns.2016.01.016
https://doi.org/10.1002/hbm.20997


P. Linhartov�a et al. NeuroImage 193 (2019) 75–92
Hampson, M., Stoica, T., Saksa, J., Scheinost, D., Qiu, M., Bhawnani, J., Pittenger, C.,
Papademetris, X., Constable, T., 2012. Real-time fMRI biofeedback targeting the
orbitofrontal cortex for contamination anxiety. JoVE 1–10. https://doi.org/10.
3791/3535.

Hellrung, L., Dietrich, A., Hollmann, M., Pleger, B., Kalberlah, C., Roggenhofer, E.,
Villringer, A., Horstmann, A., 2018. Intermittent compared to continuous real-time
fMRI neurofeedback boosts control over amygdala activation. Neuroimage 166,
198–208. https://doi.org/10.1016/j.neuroimage.2017.10.031.

Herwig, U., Lutz, J., Scherpiet, S., Scheerer, H., Kohlberg, J., Opialla, S., Preuss, A.,
Steiger, V.R., Sulzer, J., Weidt, S., St€ampfli, P., Rufer, M., Seifritz, E., J€ancke, L.,
Brühl, A.B., 2019. Training emotion regulation through real-time fMRI
neurofeedback of amygdala activity. Neuroimage 184, 687–696. https://doi.org/10.
1016/j.neuroimage.2018.09.068.

Johnston, S., Linden, D.E.J., Healy, D., Goebel, R., Habes, I., Boehm, S.G., 2011.
Upregulation of emotion areas through neurofeedback with a focus on positive mood.
Cognit. Affect Behav. Neurosci. 11, 44–51. https://doi.org/10.3758/s13415-010-00
10-1.

Johnston, S.J., Boehm, S.G., Healy, D., Goebel, R., Linden, D.E.J., 2010. NeuroImage
Neurofeedback : a promising tool for the self-regulation of emotion networks.
Neuroimage 49, 1066–1072. https://doi.org/10.1016/j.neuroimage.2009.07.056.

Kalisch, R., 2009. The functional neuroanatomy of reappraisal: time matters. Neurosci.
Biobehav. Rev. 33, 1215–1226. https://doi.org/10.1016/j.neubiorev.2009.06.003.

Keener, M., Fournier, J., Mullin, B., Kronhaus, D., Perlman, S., LaBarbara, E., Almeida, J.,
Phillips, M., 2012. Dissociable patterns of medial prefrontal and amygdala activity to
face identity versus emotion in bipolar disorder. Psychol. Med. 42, 389–399.
https://doi.org/10.1016/j.asieco.2008.09.006.EAST.

Kohn, N., Eickhoff, S.B., Scheller, M., Laird, A.R., Fox, P.T., Habel, U., 2014. Neural
network of cognitive emotion regulation - an ALE meta-analysis and MACM analysis.
Neuroimage 87, 345–355. https://doi.org/10.1016/j.neuroimage.2013.11.001.

Koush, Y., Meskaldji, D.E., Pichon, S., Rey, G., Rieger, S.W., Linden, D.E.J., Van De
Ville, D., Vuilleumier, P., Scharnowski, F., 2017. Learning control over emotion
networks through connectivity-based neurofeedback. Cereb. cortex 27, 1193–1202.
https://doi.org/10.1093/cercor/bhv311.

Koush, Y., Rosa, M.J., Robineau, F., Heinen, K., Rieger, W., S, Weiskopf, N.,
Vuilleumier, P., Van De Ville, D., Scharnowski, F., 2013. Connectivity-based
neurofeedback: dynamic causal modeling for real-time fMRI. Neuroimage 81,
422–430. https://doi.org/10.1016/j.neuroimage.2013.05.010.

Kring, A.M., 2008. Emotion disturbances as transdiagnostic processes in
psychopathology. In: Handbook of Emotions, third ed. Guilford Press, New York, NY,
US, pp. 691–705.

Kurth, F., Zilles, K., Fox, P.T., Laird, A.R., Eickhoff, S.B., 2010. A link between the
systems: functional differentiation and integration within the human insula revealed
by meta-analysis. Brain Struct. Funct. 214, 519–534. https://doi.org/10.1007/s00
429-010-0255-z.

Lang, P.J., Bradley, M.M., 2010. Emotion and the motivational brain. Biol. Psychol. 84,
57–70. https://doi.org/10.1016/j.biopsycho.2009.10.007.

Lawrence, E.J., Su, L., Barker, G.J., Medford, N., Dalton, J., Williams, S.C.R.,
Birbaumer, N., Veit, R., Ranganatha, S., Bodurka, J., Brammer, M., Giampietro, V.,
David, A.S., 2014. Self-regulation of the anterior insula: reinforcement learning using
real-time fMRI neurofeedback. Neuroimage 88, 113–124. https://doi.org/10.1016/j.
neuroimage.2013.10.069.

Li, Z., Tong, L., Guan, M., He, W., Wang, L., Bu, H., Shi, D., Yan, B., 2016a. Altered resting-
state amygdala functional connectivity after real-time fMRI emotion self-regulation
training. BioMed Res. Int. 2016 https://doi.org/10.1155/2016/2719895 article ID:
2719895.

Li, Z., Tong, L., Wang, L., Li, Y., He, W., Guan, M., Yan, B., 2016b. Self-regulating positive
emotion networks by feedback of multiple emotional brain states using real-time
fMRI. Exp. Brain Res. 234, 3575–3586. https://doi.org/10.1007/s00221-016-4744-z.

Linden, D.E.J., Habes, I., Johnston, S.J., 2012. Real-time self-regulation of emotion
networks in patients with depression. PLoS One 7 (6), e38115. https://doi.org/
10.1371/journal.pone.0038115.

Lorenzetti, V., Melo, B., Basílio, R., Suo, C., Yücel, M., Tierra-Criollo, C.J., Moll, J., 2018.
Emotion regulation using virtual environments and real-time fMRI neurofeedback.
Front. Neurol. 9, 1–15. https://doi.org/10.3389/fneur.2018.00390.

MacDuffie, K.E., MacInnes, J., Dickerson, K.C., Eddington, K.M., Strauman, T.J.,
Adcock, R.A., 2018. Single session real-time fMRI neurofeedback has a lasting impact
on cognitive behavioral therapy strategies. NeuroImage Clin 19, 868–875. https://do
i.org/10.1016/j.nicl.2018.06.009.

Marxen, M., Jacob, M.J., Müller, D.K., Posse, S., Ackley, E., Riedel, P., Bender, S.,
Epple, R., Smolka, M.N., 2016. Amygdala regulation following fMRI-neurofeedback
without instructed strategies. Front. Hum. Neurosci. 10, 1–14. https://doi.org/10.33
89/fnhum.2016.00183.

Mataix-Cols, D., Cullen, S., Lange, K., Zelaya, F., Andrew, C., Amaro, E., Brammer, M.J.,
Williams, S.C.R., Speckens, A., Phillips, M.L., 2003. Neural correlates of anxiety
associated with obsessive-compulsive symptom dimensions in normal volunteers.
Biol. Psychiatry 53, 482–493. https://doi.org/10.1016/S0006-3223(02)01504-4.

Mataix-Cols, D., Wooderson, S., Lawrence, N., Brammer, M.J., Speckens, A., Phillips, M.L.,
2004. Distinct neural correlates of washing, checking, and hoarding symptom
dimensions in obsessive-compulsive disorder. Arch. Gen. Psychiatr. 61, 564. htt
ps://doi.org/10.1001/archpsyc.61.6.564.

Mehler, D.M.A., Sokunbi, M.O., Habes, I., Barawi, K., Subramanian, L., Range, M.,
Evans, J., Hood, K., Lührs, M., Keedwell, P., Goebel, R., Linden, D.E.J., 2018.
Targeting the affective brain — a randomized controlled trial of real-time fMRI
neurofeedback in patients with depression. Neuropsychopharmacology 43, 1–8. htt
ps://doi.org/10.1038/s41386-018-0126-5.
91
Misaki, M., Phillips, R., Zotev, V., Wong, C.-K., Wurfel, B.E., Krueger, F., Feldner, M.,
Bodurka, J., 2018. Real-time fMRI amygdala neurofeedback positive emotional
training normalized resting-state functional connectivity in combat veterans with and
without PTSD: a connectome-wide investigation. NeuroImage Clin 20, 543–555. htt
ps://doi.org/10.1016/j.nicl.2018.08.025.

Moll, J., Weingartner, J.H., Bado, P., Basilio, R., Sato, J.R., Melo, B.R., Bramati, I.E., De
Oliveira-Souza, R., Zahn, R., 2014. Voluntary enhancement of neural signatures of
affiliative emotion using fMRI neurofeedback. PLoS One 9, 1–12. https://doi.org
/10.1371/journal.pone.0097343.

Morawetz, C., Bode, S., Derntl, B., Heekeren, H.R., 2017. The effect of strategies, goals
and stimulus material on the neural mechanisms of emotion regulation: a meta-
analysis of fMRI studies. Neurosci. Biobehav. Rev. 72, 111–128. https://doi.org/10
.1016/j.neubiorev.2016.11.014.

Morie, K.P., Yip, S.W., Nich, C., Hunkele, K., Carroll, K., Potenza, M.N., 2017. Alexithymia
and addiction: a review and preliminary data suggesting neurobiological links to
reward/loss processing. Drug Alcohol Depend. 171, e149–e150. https://doi.org/10.
1016/j.drugalcdep.2016.08.413.

Nicholson, A.A., Rabellino, D., Densmore, M., Frewen, P.A., Paret, C., Kluetsch, R.,
Neufeld, R.W.J., Schmahl, C., Th, J., Mckinnon, M.C., Reiss, J., Jetly, R., Lanius, R.A.,
2017. The neurobiology of emotion regulation in posttraumatic stress disorder:
amygdala downregulation via real-time fMRI neurofeedback. Hum. Brain Mapp. 560,
541–560. https://doi.org/10.1002/hbm.23402.

Nicholson, A.A., Rabellino, D., Densmore, M., Frewen, P.A., Paret, C., Kluetsch, R.,
Schmahl, C., Th�eberge, J., Ros, T., Neufeld, R.W.J., Mckinnon, M.C., Reiss, J.P.,
Jetly, R., Lanius, R.A., 2018. Intrinsic connectivity network dynamics in PTSD during
amygdala downregulation. Hum. Brain Mapp. 4258–4275. https://doi.org/
10.1002/hbm.24244.

Ninaus, M., Kober, S.E., Witte, M., Koschutnig, K., Stangl, M., Neuper, C., Wood, G., 2013.
Neural substrates of cognitive control under the belief of getting neurofeedback
training. Front. Hum. Neurosci. 7, 1–10. https://doi.org/10.3389/fnhum.2013
.00914.

O'Driscoll, C., Laing, J., Mason, O., 2014. Cognitive emotion regulation strategies,
alexithymia and dissociation in schizophrenia, a review and meta-analysis. Clin.
Psychol. Rev. 34, 482–495. https://doi.org/10.1016/j.cpr.2014.07.002.

Ochsner, K.N., Silvers, J.A., Buhle, J.T., 2012. Review and evolving model of the cognitive
control of emotion. Ann. N. Y. Acad. Sci. 1251, E1–E24 (Functional). https://doi.
org/10.1111/j.1749-6632.2012.06751.x.

Paret, C., Brenninkmeyer, J., Meyer, B., Yuen, K.S.L., Gartmann, N., Mechias, M.L.,
Kalisch, R., 2011. A test for the implementation-maintenance model of reappraisal.
Front. Psychol. 2, 1–13. https://doi.org/10.3389/fpsyg.2011.00216.

Paret, C., Kluetsch, R., Ruf, M., Demirakca, T., Hoesterey, S., Ende, G., Schmahl, C., 2014.
Down-regulation of amygdala activation with real-time fMRI neurofeedback in a
healthy female sample. Front. Behav. Neurosci. 8, 1–15. https://doi.org/10.33
89/fnbeh.2014.00299.

Paret, C., Kluetsch, R., Zaehringer, J., Ruf, M., Demirakca, T., Bohus, M., Ende, G.,
Schmahl, C., 2016a. Alterations of amygdala-prefrontal connectivity with real-time
fMRI neurofeedback in BPD patients. Soc. Cognit. Affect Neurosci. 952–960, 2016.
https://doi.org/10.1093/scan/nsw016.

Paret, C., Ruf, M., Fungisai, M., Kluetsch, R., Demirakca, T., Jungkunz, M., Bertsch, K.,
Schmahl, C., Ende, G., 2016b. NeuroImage fMRI neurofeedback of amygdala
response to aversive stimuli enhances prefrontal – limbic brain connectivity.
Neuroimage 125, 182–188. https://doi.org/10.1016/j.neuroimage.2015.10.027.

Paret, C., Z€ahringer, J., Ruf, M., Gerchen, M.F., Mall, S., Hendler, T., Schmahl, C.,
Ende, G., 2018. Monitoring and control of amygdala neurofeedback involves
distributed information processing in the human brain. Hum. Brain Mapp. 1–14. http
s://doi.org/10.1002/hbm.24057.

Posse, S., Fitzgerald, D., Gao, K., Habel, U., Rosenberg, D., Moore, G.J., Schneider, F.,
2003. Real-time fMRI of temporolimbic regions detects amygdala activation during
single-trial self-induced sadness. Neuroimage 18, 760–768.
https://doi.org/10.1016/S1053-8119(03)00004-1.

Rance, M., Walsh, C., Sukhodolsky, D.G., Pittman, B., Qiu, M., Kichuk, S.A., Wasylink, S.,
Koller, W.N., Bloch, M., Gruner, P., Scheinost, D., Pittenger, C., Hampson, M., 2018.
Time course of clinical change following neurofeedback. Neuroimage 1–7. https://d
oi.org/10.1016/j.neuroimage.2018.05.001.

Ros, T., Enriquez-geppert, S., Zotev, V., Young, K., Wood, G., Wan, F., Vialatte, F., Ville, D.
Van De, Todder, D., Surmeli, T., Sulzer, J., Strehl, U., Sterman, B., Steiner, N.,
Sorger, B., Soekadar, S., Sherlin, L., Sch€onenberg, M., Scharnowski, F., Schabus, M.,
Rubia, K., Rosa, A., Reiners, M., Pineda, J., Paret, C., Nicholson, A., Nan, W.,
Minguez, J., Mehler, D.M.A., Lubar, J., Lotte, F., Linden, E.J., Lewis-peacock, J.,
Lebedev, M., Lanius, R., Kübler, A., Koush, Y., Konicar, L., Kober, S.E., Klados, M.,
Jeunet, C., Huster, R.J., Hoedlmoser, K., Hirshberg, L., Hendler, T., Guggisberg, A.,
Gruzelier, J., G€obel, R., Gninenko, N., Gharabaghi, A., Frewen, P., Fovet, T.,
Fernandez, T., Escolano, C., Ehlis, A., Christopher, R., Ridder, D. De, Davelaar, E.,
Congedo, M., Cavazza, M., Breteler, R.M.H.M., Brandeis, D., Bodurka, J.,
Birbaumer, N., Bazanova, O., Barth, B., Bamidis, P., Auer, T., Arns, M., Thibault, R.T.,
2019. Consensus on the Reporting and Experimental Design of Clinical and
Cognitive-Behavioural Neurofeedback Studies (CRED-Nf Checklist). PsyArXiv Prepr.
https://doi.org/10.31234/osf.io/nyx84.

Ruiz, S., Lee, S., Soekadar, S.R., Caria, A., Veit, R., Kircher, T., Birbaumer, N., Sitaram, R.,
2013. Acquired self-control of insula cortex modulates emotion recognition and brain
network connectivity in schizophrenia. Hum. Brain Mapp. 34, 200–212. https://
doi.org/10.1002/hbm.21427.

Sarkheil, P., Zilverstand, A., Kilian-hütten, N., Schneider, F., Goebel, R., Mathiak, K.,
2015. fMRI feedback enhances emotion regulation as evidenced by a reduced

https://doi.org/10.3791/3535
https://doi.org/10.3791/3535
https://doi.org/10.1016/j.neuroimage.2017.10.031
https://doi.org/10.1016/j.neuroimage.2018.09.068
https://doi.org/10.1016/j.neuroimage.2018.09.068
https://doi.org/10.3758/s13415-010-0010-1
https://doi.org/10.3758/s13415-010-0010-1
https://doi.org/10.1016/j.neuroimage.2009.07.056
https://doi.org/10.1016/j.neubiorev.2009.06.003
https://doi.org/10.1016/j.asieco.2008.09.006.EAST
https://doi.org/10.1016/j.neuroimage.2013.11.001
https://doi.org/10.1093/cercor/bhv311
https://doi.org/10.1016/j.neuroimage.2013.05.010
http://refhub.elsevier.com/S1053-8119(19)30178-8/sref27
http://refhub.elsevier.com/S1053-8119(19)30178-8/sref27
http://refhub.elsevier.com/S1053-8119(19)30178-8/sref27
http://refhub.elsevier.com/S1053-8119(19)30178-8/sref27
https://doi.org/10.1007/s00429-010-0255-z
https://doi.org/10.1007/s00429-010-0255-z
https://doi.org/10.1016/j.biopsycho.2009.10.007
https://doi.org/10.1016/j.neuroimage.2013.10.069
https://doi.org/10.1016/j.neuroimage.2013.10.069
https://doi.org/10.1155/2016/2719895
https://doi.org/10.1007/s00221-016-4744-z
https://doi.org/10.1371/journal.pone.0038115
https://doi.org/10.1371/journal.pone.0038115
https://doi.org/10.3389/fneur.2018.00390
https://doi.org/10.1016/j.nicl.2018.06.009
https://doi.org/10.1016/j.nicl.2018.06.009
https://doi.org/10.3389/fnhum.2016.00183
https://doi.org/10.3389/fnhum.2016.00183
https://doi.org/10.1016/S0006-3223(02)01504-4
https://doi.org/10.1001/archpsyc.61.6.564
https://doi.org/10.1001/archpsyc.61.6.564
https://doi.org/10.1038/s41386-018-0126-5
https://doi.org/10.1038/s41386-018-0126-5
https://doi.org/10.1016/j.nicl.2018.08.025
https://doi.org/10.1016/j.nicl.2018.08.025
https://doi.org/10.1371/journal.pone.0097343
https://doi.org/10.1371/journal.pone.0097343
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1016/j.neubiorev.2016.11.014
https://doi.org/10.1016/j.drugalcdep.2016.08.413
https://doi.org/10.1016/j.drugalcdep.2016.08.413
https://doi.org/10.1002/hbm.23402
https://doi.org/10.1002/hbm.24244
https://doi.org/10.1002/hbm.24244
https://doi.org/10.3389/fnhum.2013.00914
https://doi.org/10.3389/fnhum.2013.00914
https://doi.org/10.1016/j.cpr.2014.07.002
https://doi.org/10.1111/j.1749-6632.2012.06751.x
https://doi.org/10.1111/j.1749-6632.2012.06751.x
https://doi.org/10.3389/fpsyg.2011.00216
https://doi.org/10.3389/fnbeh.2014.00299
https://doi.org/10.3389/fnbeh.2014.00299
https://doi.org/10.1093/scan/nsw016
https://doi.org/10.1016/j.neuroimage.2015.10.027
https://doi.org/10.1002/hbm.24057
https://doi.org/10.1002/hbm.24057
https://doi.org/10.1016/S1053-8119(03)00004-1
https://doi.org/10.1016/j.neuroimage.2018.05.001
https://doi.org/10.1016/j.neuroimage.2018.05.001
https://doi.org/10.31234/osf.io/nyx84
https://doi.org/10.1002/hbm.21427
https://doi.org/10.1002/hbm.21427


P. Linhartov�a et al. NeuroImage 193 (2019) 75–92
amygdala response. Behav. Brain Res. 281, 326–332. https://doi.org/10.1016/j.bbr.
2014.11.027.

Scheinost, D., Stoica, T., Saksa, J., Papademetris, X., Constable, R.T., Pittenger, C.,
Hampson, M., 2013. Orbitofrontal cortex neurofeedback produces lasting changes in
contamination anxiety and resting-state connectivity. Transl. Psychiatry 3 e250. https
://doi.org/10.1038/tp.2013.24.

Scheinost, D., Stoica, T., Wasylink, S., Gruner, P., Saksa, J., Pittenger, C., Hampson, M.,
2014. Resting state functional connectivity predicts neurofeedback response. Front.
Behav. Neurosci. 8, 1–7. https://doi.org/10.3389/fnbeh.2014.00338.

Sergerie, K., Chochol, C., Armony, J.L., 2008. The role of the amygdala in emotional
processing: a quantitative meta-analysis of functional neuroimaging studies.
Neurosci. Biobehav. Rev. 32, 811–830. https://doi.org/10.1016/j.neubiorev.200
7.12.002.

Sitaram, R., Caria, A., Veit, R., Gaber, T., Ruiz, S., Birbaumer, N., 2014. Volitional control
of the anterior insula in criminal psychopaths using real-time fMRI neurofeedback: a
pilot study. Front. Behav. Neurosci. 8, 1–13. https://doi.org/10.3389/fnbeh
.2014.00344.

Stevens, F.L., Hurley, R.A., Taber, K.H., 2011. Anterior cingulate cortex: unique role in
cognition and emotion. J. Neuropsychiatry Clin. Neurosci. 23, 121–125. https://doi.
org/10.1176/appi.neuropsych.23.2.121.

Sulzer, J., Sitaram, R., Blefari, M.L., Kollias, S., Birbaumer, N., Stephan, K.E., Luft, A.,
Gassert, R., 2013. Neurofeedback-mediated self-regulation of the dopaminergic
midbrain. Neuroimage 83, 817–825. https://doi.org/10.1016/j.neuroimage.2013.0
5.115.

Thibault, R.T., MacPherson, A., Lifshitz, M., Roth, R.R., Raz, A., 2018. Neurofeedback
with fMRI: a critical systematic review. Neuroimage 172, 786–807. https://doi.
org/10.1016/j.neuroimage.2017.12.071.

Veit, R., Singh, V., Sitaram, R., Caria, A., Rauss, K., Birbaumer, N., 2012. Using real-time
fmri to learn voluntary regulation of the anterior insula in the presence of threat-
related stimuli. Soc. Cognit. Affect Neurosci. 7, 623–634. https://doi.org/10.1093/sc
an/nsr061.

Weiskopf, N., Veit, R., Erb, M., Mathiak, K., Grodd, W., Goebel, R., Birbaumer, N., 2003.
Physiological self-regulation of regional brain activity using real-time functional
magnetic resonance imaging (fMRI): methodology and exemplary data. Neuroimage
19, 577–586. https://doi.org/10.1016/S1053-8119(03)00145-9.

Westwood, H., Kerr-Gaffney, J., Stahl, D., Tchanturia, K., 2017. Alexithymia in eating
disorders: systematic review and meta-analyses of studies using the Toronto
Alexithymia Scale. J. Psychosom. Res. 99, 66–81. https://doi.org/10.1016/j.jpsych
ores.2017.06.007.

Yao, S., Becker, B., Geng, Y., Zhao, Z., Xu, X., Zhao, W., Ren, P., Kendrick, K.M., 2016.
Voluntary control of anterior insula and its functional connections is feedback-
independent and increases pain empathy. Neuroimage 130, 230–240. https://doi.
org/10.1016/j.neuroimage.2016.02.035.

Young, K.D., Misaki, M., Harmer, C.J., Victor, T., Zotev, V., Phillips, R., Siegle, G.J.,
Drevets, W.C., Bodurka, J., 2017a. Real-time functional magnetic resonance imaging
amygdala neurofeedback changes positive information processing in major
92
depressive disorder. Biol. Psychiatry 82, 578–586. https://doi.org/10.1016/j.b
iopsych.2017.03.013.

Young, K.D., Siegle, G.J., Misaki, M., Zotev, V., Phillips, R., Drevets, W.C., Bodurka, J.,
2018. Altered task-based and resting-state amygdala functional connectivity
following real-time fMRI amygdala neurofeedback training in major depressive
disorder. NeuroImage Clin 17, 691–703. https://doi.org/10.1016/j.nicl.2017.12.00
4.

Young, K.D., Siegle, G.J., Zotev, V., Phillips, R., Misaki, M., Yuan, H., Drevets, W.C.,
Bodurka, J., 2017b. Randomized clinical trial of real-time fMRI amygdala
neurofeedbackfor major depressive disorder: effectson symptoms and
autobiographical memory recall. Am. J. Psychiatry 174, 748–755. https://doi.org/1
0.1176/appi.ajp.2017.16060637.

Young, K.D., Zotev, V., Phillips, R., Misaki, M., Yuan, H., Drevets, W.C., Bodurka, J., 2014.
Real-time fMRI neurofeedback training of amygdala activity in patients with major
depressive disorder. PLoS One 9, e88785. https://doi.org/10.1371/journal.pon
e.0088785.

Yuan, H., Young, K.D., Phillips, R., Zotev, V., Misaki, M., Bodurka, J., 2014. Resting-state
functional connectivity modulation and sustained changes after real-time functional
magnetic resonance imaging neurofeedback training in depression. Brain Connect. 4,
690–701. https://doi.org/10.1089/brain.2014.0262.

Zilverstand, A., Sorger, B., Sarkheil, P., Goebel, R., 2015. fMRI neurofeedback facilitates
anxiety regulation in females with spider phobia. Front. Behav. Neurosci. 9, 1–12.
https://doi.org/10.3389/fnbeh.2015.00148.

Zotev, V., Krueger, F., Phillips, R., Alvarez, R.P., Simmons, W.K., Bellgowan, P.,
Drevets, W.C., Bodurka, J., 2011. Self-regulation of amygdala activation using real-
time FMRI neurofeedback. PLoS One 6, e24522. https://doi.org/10.1371/journ
al.pone.0024522.

Zotev, V., Phillips, R., Misaki, M., Wong, C.K., Wurfel, B.E., Krueger, F., Feldner, M.,
Bodurka, J., 2018. Real-time fMRI neurofeedback training of the amygdala activity
with simultaneous EEG in veterans with combat-related PTSD. NeuroImage Clin 19,
106–121. https://doi.org/10.1016/j.nicl.2018.04.010.

Zotev, V., Phillips, R., Young, K.D., Drevets, W.C., Bodurka, J., 2013. Prefrontal control of
the amygdala during real-time fMRI neurofeedback training of emotion regulation.
PLoS One 8, e79184. https://doi.org/10.1371/journal.pone.0079184.

Zotev, V., Phillips, R., Yuan, H., Misaki, M., Bodurka, J., 2014. Self-regulation of human
brain activity using simultaneous real-time fMRI and EEG neurofeedback.
Neuroimage 85, 985–995. https://doi.org/10.1016/j.neuroimage.2013.04.126.

Zotev, V., Yuan, H., Misaki, M., Phillips, R., Young, K.D., Feldner, M.T., Bodurka, J., 2016.
Correlation between amygdala BOLD activity and frontal EEG asymmetry during real-
time fMRI neurofeedback training in patients with depression. NeuroImage Clin 11,
224–238. https://doi.org/10.1016/j.nicl.2016.02.003.

Zweerings, J., Pflieger, E.M., Mathiak, K.A., Zvyagintsev, M., Kacela, A., Flatten, G.,
Mathiak, K., 2018. Impaired voluntary control in PTSD: probing self-regulation of the
ACC with real-time fMRI. Front. Psychiatry 9, 219. https://doi.org/10.3389/fpsyt.2
018.00219.

https://doi.org/10.1016/j.bbr.2014.11.027
https://doi.org/10.1016/j.bbr.2014.11.027
https://doi.org/10.1038/tp.2013.24
https://doi.org/10.1038/tp.2013.24
https://doi.org/10.3389/fnbeh.2014.00338
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.1016/j.neubiorev.2007.12.002
https://doi.org/10.3389/fnbeh.2014.00344
https://doi.org/10.3389/fnbeh.2014.00344
https://doi.org/10.1176/appi.neuropsych.23.2.121
https://doi.org/10.1176/appi.neuropsych.23.2.121
https://doi.org/10.1016/j.neuroimage.2013.05.115
https://doi.org/10.1016/j.neuroimage.2013.05.115
https://doi.org/10.1016/j.neuroimage.2017.12.071
https://doi.org/10.1016/j.neuroimage.2017.12.071
https://doi.org/10.1093/scan/nsr061
https://doi.org/10.1093/scan/nsr061
https://doi.org/10.1016/S1053-8119(03)00145-9
https://doi.org/10.1016/j.jpsychores.2017.06.007
https://doi.org/10.1016/j.jpsychores.2017.06.007
https://doi.org/10.1016/j.neuroimage.2016.02.035
https://doi.org/10.1016/j.neuroimage.2016.02.035
https://doi.org/10.1016/j.biopsych.2017.03.013
https://doi.org/10.1016/j.biopsych.2017.03.013
https://doi.org/10.1016/j.nicl.2017.12.004
https://doi.org/10.1016/j.nicl.2017.12.004
https://doi.org/10.1176/appi.ajp.2017.16060637
https://doi.org/10.1176/appi.ajp.2017.16060637
https://doi.org/10.1371/journal.pone.0088785
https://doi.org/10.1371/journal.pone.0088785
https://doi.org/10.1089/brain.2014.0262
https://doi.org/10.3389/fnbeh.2015.00148
https://doi.org/10.1371/journal.pone.0024522
https://doi.org/10.1371/journal.pone.0024522
https://doi.org/10.1016/j.nicl.2018.04.010
https://doi.org/10.1371/journal.pone.0079184
https://doi.org/10.1016/j.neuroimage.2013.04.126
https://doi.org/10.1016/j.nicl.2016.02.003
https://doi.org/10.3389/fpsyt.2018.00219
https://doi.org/10.3389/fpsyt.2018.00219

	fMRI neurofeedback in emotion regulation: A literature review
	1. Introduction
	1.1. Brain targets and target populations for emotion regulation with rt-fMRI-NF
	1.2. rt-fMRI-NF emotion regulation protocols
	1.3. Continuous vs. intermittent NF presentation
	1.4. Control groups
	1.5. Instructions for NF regulation
	1.6. Presentation of regulation success
	1.7. Objectives

	2. Method
	2.1. Results presentation

	3. Results
	3.1. Target brain areas and target populations
	3.2. Emotion regulation protocols
	3.3. Continuous vs. intermittent NF presentation
	3.4. Control groups
	3.5. Instructions for emotion regulation
	3.6. Evaluation of study results

	4. Discussion
	4.1. Brain targets and populations
	4.1.1. Amygdala
	4.1.2. Anterior insula
	4.1.3. Other regions related to emotional arousal
	4.1.4. Prefrontal cortex
	4.1.5. Individualized target areas

	4.1.6. Summary of brain targets and populations
	4.2. Emotion regulation protocols
	4.2.1. Upregulation tasks
	4.2.2. Downregulation tasks
	4.2.3. Ethical issues in emotion upregulation and downregulation

	4.3. Continuous vs. intermittent NF
	4.4. Control groups
	4.5. Emotion regulation instructions
	4.6. Suggestions for results presentation in rt-fMRI-NF studies

	5. Conclusion
	Declaration of interests
	Funding
	Acknowledgements
	References


