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a b s t r a c t
Cognitive regulation of emotions is a fundamental prerequisite for intact social functioning which impacts on
both well being and psychopathology. The neural underpinnings of this process have been studied intensively
in recent years, without, however, a general consensus. We here quantitatively summarize the published literature on cognitive emotion regulation using activation likelihood estimation in fMRI and PET (23 studies/479 subjects). In addition, we assessed the particular functional contribution of identiﬁed regions and their interactions
using quantitative functional inference and meta-analytic connectivity modeling, respectively. In doing so, we
developed a model for the core brain network involved in emotion regulation of emotional reactivity. According
to this, the superior temporal gyrus, angular gyrus and (pre) supplementary motor area should be involved in execution of regulation initiated by frontal areas. The dorsolateral prefrontal cortex may be related to regulation of
cognitive processes such as attention, while the ventrolateral prefrontal cortex may not necessarily reﬂect the
regulatory process per se, but signals salience and therefore the need to regulate. We also identiﬁed a cluster
in the anterior middle cingulate cortex as a region, which is anatomically and functionally in an ideal position
to inﬂuence behavior and subcortical structures related to affect generation. Hence this area may play a central,
integrative role in emotion regulation. By focusing on regions commonly active across multiple studies, this proposed model should provide important a priori information for the assessment of dysregulated emotion regulation in psychiatric disorders.
© 2013 Elsevier Inc. All rights reserved.

Introduction
Humans are social individuals. Social interaction often demands regulation of individual behavior and responses. Thus, we are often (consciously and unconsciously) engaged in emotionally arousing situations
that require us to regulate our emotions. Emotions are generally seen
as responses generated by the human organism which are essential for
adaptation to various challenges and needs (e.g. Levenson, 1994). Nevertheless, we are not simply prey to our emotional tides, but individual
assessments of the situation (personal), predilections and general mind
sets may shape how we emotionally react to a certain situation
(Lazarus, 1991). One of the most inﬂuential and widely accepted concepts on how emotions are generated and regulated is often termed appraisal theory, which proposes that our emotional response is mediated
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by a physiological reaction triggered by internal or external stimuli and
lastly shaped by appraisal (e.g. Arnold, 1960; Gross, 1998; Lazarus,
1966; Schachter and Singer, 1962) Emotional experience may thus be
separated into different components, which can be modulated by the
process of “emotion regulation” (Gross, 2007). Importantly, dysregulation of this process has been argued to lie at the heart of various psychiatric diseases (Gross and Muñoz, 1995). Theoretically, regulation of an
emotion can occur during different stages of the generation process
(Gross, 1998). Broadly, the stages can be separated into antecedent and
response focused emotion regulation strategies. Antecedent focused
emotion regulation strategies deal with regulating an emotion before it
is fully expressed and thus aim at regulating the emotional experience,
while response focused emotion regulation mainly targets the regulation
of an emotional response to an already generated emotion (compare
Gross, 1998, 2007). Furthermore, two important dimensions of emotion
regulation are distinctions between automatic and conscious regulation
as well as between functional and dysfunctional regulation strategies. A
great variety of emotion regulation strategies have been investigated in
the literature. In this paper, we concentrated on antecedent focused,
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conscious and functional regulation strategies applied in fMRI and PET
studies.
In the past decade, an increasing number of neuroimaging studies
have focused on neural correlates of emotion regulation (Beauregard
et al., 2001; Domes et al., 2010; Ochsner et al., 2002, 2004; Schulze
et al., 2011; Urry et al., 2006; van Reekum et al., 2007; Wager et al.,
2008). Most studies used (negatively or positively) valenced visual
stimuli and compared activation during an “attend” condition to activation during a “regulate” condition (based on Jackson et al., 2000). Wager
et al. (2008) explicitly focused on cortical–subcortical interactions to
elucidate the regulatory processes underlying successful emotion regulation. The authors applied a Mediation Effect Parametric Mapping
(MEPM) approach, which basically reﬂects a structure equation model
to investigate putative neural mediators of successful regulation. They
focused on the right ventrolateral prefrontal cortex (VLPFC) which
was correlated to regulation success and found that this correlation
was mediated by nucleus accumbens and amygdala activity. While
nucleus accumbens activity was positively associated with regulation
success, amygdala activity showed a negative correlation instead. Additionally, the authors observed middle cingulate cortex (MCC) and presupplementary motor area (pre-SMA) activity to be related to regulation success. They conceded that their model must not be interpreted
in terms of causality and that it might not fully reﬂect the complexity
of interrelated regulatory processes in the frontal cortices during regulation of an emotion. Nevertheless, this work nicely relates behavioral
measures of regulation success to functionality of frontal brain networks
and demonstrates that a widespread network of brain areas is engaged
in emotion regulation.
In neuroimaging studies on emotion regulation, “reappraisal” has
been studied most often and describes the attempt to attribute a new
meaning to the affective reaction generated by an arousing stimulus.
Reappraisal is most commonly achieved by changing the initial interpretation of an emotional stimulus (e.g. a crying man seen on a picture
is not sad, but sheds tears of joy for the return of a loved one; Ochsner
et al., 2002). Reappraisal is an antecedent focused, conscious and functional regulation strategy and thus studies applying reappraisal in neuroimaging form a mayor part of this meta-analysis. Previous reviews
suggest a key role in these processes for the insula, anterior cingulate
and prefrontal regions (e.g., Ochsner and Gross, 2005; Quirk and Beer
2006). These reviews, though informative, are qualitative in nature,
drawing inference from the results of relatively few studies. A recent
meta-analysis found the ventromedial prefrontal cortex to be critically
involved in the regulation of negative affect in different domains
(Diekhof et al., 2011). Kalisch (2009) conducted the ﬁrst quantitative
meta-analysis of reappraisal studies and found initial support for the
contribution of the above mentioned network. Nevertheless, the relative contribution of the different parts of this network remains largely
unclear and leaves scope for different quantitative techniques that examine evidence from a broader spectrum of studies to elucidate which
areas of the brain consistently contribute to (conscious and functional)
emotion regulation and what functions these areas may serve.
Various tools to perform meta-analysis of brain imaging data were
introduced in the last years and opened a way to the quantitative integration of ﬁndings across different studies. Activation likelihood estimation (ALE) was ﬁrst implemented by Turkeltaub et al. (2002) and later
integrated in the BrainMap's framework. The BrainMap project aims at
creating tools for data-mining and meta-analysis of the rapidly growing
literature on brain mapping (Laird et al., 2009a, 2011). ALE estimates
the probability that at least one activation focus from a collection of
experiment truly lies at a speciﬁc voxels' location by use of Gaussian
assumptions of spatial uncertainty. Multilevel kernel density analysis
(MKDA; Wager et al., 2007) is a second prominent approach, which relies on the proportion of reported foci within a certain radius of a voxel.
Although a number of differences exist, ALE and MKDA seem to lead to
qualitatively similar results (for details see Salimi-Khorshidi et al.,
2009).

BrainMap and ALE not only allow retrospective meta-analysis, but
can also be used to validate new paradigms or analyze co-occurring
networks via MACM (Laird et al., 2009a) and, in this context for formal
reverse inference on associated functions via functional decoding
(Cieslik et al., 2012; Poldrack, 2011; Rottschy et al., 2012).
The aim of this study is thus (1) to quantitatively summarize the
existing neuroimaging literature on cognitive, conscious emotion regulation, (2) to broaden the knowledge on functional connectivity patterns
of brain areas reliably engaged in emotion regulation by mapping regions consistently interacting with these using meta-analytic connectivity modeling and (3) to analyze relevant mental processes by using the
behavioral domain meta-data of the BrainMap database. Thus, our study
should provide new insight into the relative contribution of different
parts of the network of brain areas engaged in emotion regulation.
This novel methodological approach of quantitative characterization
relies on the data of a meta-analysis, providing a stringent, data-driven
approach to the robust characterization of brain networks related to
emotion regulation.
By this means we hope to contribute to the understanding of functional differentiation of frontal areas involved in the regulation of emotions and also to generate a neural model of conscious, cognitive
emotion regulation.
Material and methods
Data for meta-analysis
BrainMap provides a database of systematically classiﬁed neuroimaging studies with whole brain coverage. The BrainMap Project is developed at the Research Imaging Institute of the University of Texas Health
Science Center San Antonio with the aim to share neuroimaging data
and enable meta-analysis of studies on different human brain functions
(for details Laird et al., 2009a). At the time of submission, BrainMap
consisted of 2336 papers and 45,188 subjects in the functional database.
In the context of BrainMap the term “study” usually refers to a publication, which might report several “experiments” denoting the individual
contrasts.
Our ﬁrst step was to search the BrainMap database for studies related to emotion regulation by using the keywords “emotion regulation”
and “affect regulation”. These two terms refer to studies in which an
emotion is elicited (by a valenced visual stimulus) and in which the participants were asked to regulate their emotional response in at least one
experimental condition. The results of our BrainMap search were ﬁltered and experiments that compared an emotion regulation condition
(REG) with a low-level baseline (e.g. ﬁxation cross; only 3 experiments)
or emotion perception condition were included whereas studies that
compared one condition with another regulation condition or did not
report results on a comparison with low level baseline or with emotion
perception (but, e.g., only comparisons between regulation strategies or
between-group differences) were not considered. We then added further studies to our results by searching PubMed and Google Scholar
manually based upon the keywords “emotion regulation” “fmri” and
“affect regulation” “fmri”. Additional relevant studies were identiﬁed
by tracing the references in the already acquired papers and review articles. Inclusion criteria for studies were (cf. Chase et al., 2011) full brain
coverage, at least one experiment with no pharmacological treatment
or any kind of mental or neurological disorder (usually the control
groups) and whole brain group analysis in a standard reference space
(MNI, Talairach/Tournoux). In addition, only studies which used a strategy to regulate emotions attributably to the antecedent focused phase
and aimed to directly inﬂuence the appraisal of an emotion by conscious, cognitive means were included (Gross, 2007). Hence, experiments were excluded, if predeﬁned ROIs were investigated and the
complete study was dismissed if no whole-brain group analysis was
conducted. Studies reported in Talairach space were converted to MNI
using the implemented algorithm in GingerALE (Laird et al., 2009a,
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2010; Lancaster et al., 2007). This search and the employed inclusion/
exclusion criteria led to 23 studies from peer-reviewed journals with
47 experiments, 479 subjects and 505 foci (see Table 1 for details).
ALE methodology
The meta-analysis was conducted using the revised version
(Eickhoff et al., 2009) of the activation likelihood estimation algorithm (Laird et al., 2005; Turkeltaub et al., 2002). The algorithm
aims at identifying signiﬁcantly overlapping clusters of activation
between studies. ALE treats activation foci from single studies as
3D Gaussian probability distributions to compensate for spatial uncertainty. The width of these distributions was statistically determined based on empirical data for between subject and between
template variability (Eickhoff et al., 2009). Additionally, studies were
weighted according to sample size, holding the view that large
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sample sizes more likely reﬂect a true localization. This is implemented in terms of a widening Gaussian distribution with lower and
a smaller Gaussian distribution (and thus a stronger impact on ALE
scores) with larger sample sizes (Eickhoff et al., 2009).
Modeled activation maps (MA maps) for each study were generated
by combining the probabilities of all activation foci for each voxel
(Turkeltaub et al., 2012). The union of these MA maps was calculated
to determine a voxel-wise ALE score, which quantiﬁes the convergence
between experiments. These ALE scores were then compared to an ALE
null distribution (Eickhoff et al., 2012) in which the same number of activation foci was randomly relocated and restricted by a gray matter
probability map (Evans et al., 1994). Spatial associations between experiments were treated as random while the distribution of foci within
an experiment was treated as ﬁxed. Thereby random effects inference
focuses on signiﬁcant convergence of foci between studies than convergence within one study. The ALE scores from the actual meta-

Table 1
All studies entered into the meta analysis are listed, including number of subjects, gender ratio, stimulus material and contrast.
Authors

Number of
subjects

Gender ratio
(f/m)

Stimulus material

Contrasts

Mean age
(SD)

Analysis
software

Campbell-Sills et al. (2011)
Delgado et al. (2008)

26
12

22/4
6/6

Reduce N baseline
Decrease N attend

19.15 (1.83)
23.29 (3.31)

AFNI
BrainVoyager

Domes et al. (2010)

33

17/16

IAPS, negative
Fear conditioning paradigm
with instruction
IAPS, negative

24

24/0

Goldin et al. (2008)

17

17/0

m: 25.2 (1.9)
f: 24.6 (1.6)
23.3
(range 18–28)
22.7 (3.5)

SPM5

Eippert et al. (2007)

Harenski et Hamann (2006)

10

10/0

(Range 18–29)

SPM99

Hayes et al. (2010)

25

11/14

21.6 (2.5)

FSL

Kanske et al. (2011)

30

17/13

IAPS and in-house pictures,
negative
IAPS, neg, pos, neutral,

21.8 (2.1)

SPM5

Kim and Hamann (2007)

10

10/0

IAPS, negative and positive

20.7
(range 18–29)

SPM99

Kober et al. (2010)
Koenigsberg et al. (2009)

21
16

9/12
9/7

26.8 (8.94)
31.8 (7.7)

SPM5
SPM2

Lang et al. (2012)

15

15/0

24.73 (5.64)

SPM8

Mak et al. (2009)

24

12/12

Pictures of food and cigarettes
IAPS, negative interpersonal
scenes
Standardized negative and
neutral scripts from the
Affective Norms for English
Text (ANET)
IAPS and popular media,
negative and positive

Decrease N maintain
Increase N maintain
Decrease N view
Increase N view
Reappraise N watch negative (early, middle, late)
Suppress N watch negative (early, middle, late)
Decrease moral N odd–even baseline
Decrease non-moral N odd–even baseline
Decrease moral N watch moral
Decrease non-moral N watch non-moral
Reappraise N view
Suppress N view
Reappraise N view emotional (=neg and pos)
Reappraise/distract N view
Decrease positive N watch positive
Decrease negative N watch negative
Increase negative N watch negative
Increase positive N watch positive
Down-regulation N baseline
Distance N look

f: 24 (1.78)
m: 24 (1.68)

SPM2

McRae et al. (2008)

23

n.a.

IAPS, negative

SPM2

McRae et al. (2010)

18

18/0

Decrease N look masked by distraction N look

Modinos et al. (2010)
Ochsner et al. (2002)

18
15

7/11
15/0

IAPS and in-house set,
negative
IAPS, negative
IAPS, negative

f: 20.6
m: 20.36
(range 18–22)
24.4 (3.5)

SPM5
SPM99

Ochsner et al. (2004)

23

23/0

IAPS, negative

Phan et al. (2005)

14

8/6

IAPS, negative

27.6 (4.4)

SPM99

Schulze et al. (2011)

15

15/0

24.53 (2.85)

SPM5

Wager et al. (2008)
Walter et al. (2009)

30
18

18/12
18/0

IAPS and similar pictures,
negative
IAPS, negative
IAPS, negative and
neutral

Median 22.3
24 (3)

SPM2
SPM2

Winecoff et al. (2011)

42

n.a.

Increase N look
Reappraise N look
Reappraise N baseline
Reappraise N maintain
Decrease N maintain
Increase N maintain
Reappraise N look
Decrease negative N no-regulation neutral
Decrease N no-regulation
Decrease negative N no-regulation negative
Decrease neutral N no-regulation neutral
Decrease positive N experience positive
Decrease negative N experience negative

21.1 (2.8)
21.9
(range 18–30)
20.6

Older: 69 (3.9)
younger: 23.1
(4)

FSL

IAPS, neutral and
negative (fear)
Disgust-inducing and
neutral ﬁlm clips
IAPS and popular media,
moral vs non-moral,
social unpleasant scenes

IAPS, negative and positive

Enhance N maintain (early)
Enhance N maintain (late)
Distance N maintain (early)
Distance N maintain (late)
Female: reduce negative N view negative
Male: reduce negative N view negative
Female: reduce positive N view positive
male: reduce positive N view positive
Decrease N look

Reappraisal N attend
Reappraise N attend/view

SPM2
AFNI

SPM2

SPM99
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analysis were then tested against the ALE scores obtained under this
null-distribution yielding a p-value based on the proportion of equal
or higher random values. The resulting non-parametric p-values were
then thresholded at a family-wise error (FWE) corrected threshold of
p = 0.05 (Eickhoff et al., 2012).
Meta-analytic connectivity modeling (MACM)
We aimed to analyze co-activation patterns of regions engaged in
emotion regulation (ER) and conducted MACM analyses on the regions
from the ALE meta-analysis to functionally segregate their putative contribution to emotion regulation. Therefore we created six different volumes of interest (VOIs) reﬂecting the six signiﬁcant clusters obtained
from the meta-analysis. MACM analyses were thus performed for the
inferior frontal gyrus (IFG), the dorsolateral prefrontal gyrus (DLPFC)
and the anterior middle cingulate gyrus (aMCC), the (pre-) supplementary motor area (SMA), the superior temporal gyrus (STG) and the angular gyrus (AG). Co-activation analysis was performed using the
BrainMap database (Laird et al., 2009a, 2011) (www.brainmap.org).
The VOI in the SMA/pre-SMA resulted in 686 experiments (9422 subjects, 10,284 foci), in the aMCC in 339 experiments (4505 subjects,
5326 foci), in the IFG in 751 experiments (10,333 subjects, 10,314
foci), in the DLPFC in 154 experiments (2325 subjects, 2430 foci), in
the STG in 198 experiments (2859 subjects, 2895 foci) and in the AG
in 207 experiments (2813 subjects, 2657 foci).
MACM is based on assessing the brain-wise co-activation patterns of
a seed region across a large number of data based neuroimaging results
(Eickhoff et al., 2011; Laird et al., 2009b). In practice this entailed an ALE
meta-analysis over all foci reported in the experiments retrieved by the
search per seed region. In other words, experiments were obtained by
ﬁltering the BrainMap database for experiments that activated the particular seed and signiﬁcant co-activation was delineated by computing
an ALE analysis over these to identify regions of signiﬁcant convergence.
Importantly, the experiments underlying the difference in co-activation
pattern of the six ER meta-analysis derived clusters may then be described behaviorally, linking them to functional properties.
Functional decoding
The functional characterization of the emotion regulation derived
clusters was based on the ‘Behavioral Domain (BD)’ and ‘Paradigm
Class (PC)’ meta-data categories available for each neuroimaging experiment included in the BrainMap database. Behavioral domains include the main categories cognition, action, perception, emotion, and
interoception, as well as their related sub-categories. Paradigm classes
categorize the speciﬁc task employed (Turner and Laird, 2011; see
http://brainmap.org/scribe/ for the complete BrainMap taxonomy).
As a ﬁrst step, we determined the individual functional proﬁle of the
six emotion regulation derived clusters by using forward and reverse inference approaches. Forward inference is the probability of observing
activity in a brain region given knowledge of the psychological process,
whereas reverse inference is the probability of a psychological process
being present given knowledge of activation in a particular brain region.
In the forward inference approach, a cluster's functional proﬁle was
determined by identifying taxonomic labels, for which the probability
of ﬁnding activation in the respective cluster was signiﬁcantly higher
than the overall chance (across the entire database) of ﬁnding activation
in that particular cluster. Signiﬁcance was established using a binomial
test (p b .05, corrected for multiple comparisons using Bonferroni's
method; Nickl-Jockschat et al., 2012; Reetz et al., 2012; Rottschy
et al., 2012). That is, we tested whether the conditional probability
of activation given a particular label [P(Activation|Task)] was higher
than the baseline probability of activating the region in question per se
[P(Activation)]. In the reverse inference approach, a cluster's functional
proﬁle was determined by identifying the most likely behavioral domains and paradigm classes given activation in a particular cluster.

This likelihood P(Task|Activation) can be derived from P(Activation|
Task) as well as P(Task) and P(Activation) using Bayes rule. Signiﬁcance
(at p b .05, corrected for multiple comparisons using Bonferroni's method) was then assessed by means of a chi-square test.
For the anatomical localization the meta-analytic data was referenced to probabilistic cytoarchitectonic maps provided in the SPM
Anatomy Toolbox (Eickhoff et al., 2005, 2006, 2007).
Results
Meta-analysis
The ALE-meta-analysis across all included studies for emotion regulation (ER) revealed eight clusters of signiﬁcant activation compared to
low-level baseline or emotion perception (compare Table 2 and Fig. 1).
ER reliably led to activation in bilateral inferior frontal gyrus (IFG)
(right: p. triangularis and orbitalis; BA 44/45; peak MNI: 50/30/−8;
678 voxels, left: p. triangularis, opercularis and orbitalis, BA 44/45;
peak MNI: −42/22/−6; 781 voxels), extending into bilateral anterior
insula, which we will refer to as VLPFC VOI. One large cluster (1104
voxels) encompassing bilateral supplementary motor area (SMA, BA 6)
and pre-SMA (peak MNI: −2/14/58), extending into anterior middle
cingulate cortex (aMCC). Furthermore two clusters in the bilateral
precentral gyrus (right: 114 voxels, peak MNI: 48/8/48; left: 372 voxels;
peak MNI: −44/10/46), extending into bilateral middle frontal gyrus,
which we will refer to as DLPFC VOI. Another activation focus was located in left middle temporal cortex (163 voxels; peak MNI: 38/22/44). Additional foci were found in bilateral angular gyri (left: IPC PFm, PGa and
PGp; 136 voxels; peak MNI: −42/−60/44 right: PFm and PGa; 109
voxels; peak MNI: 60/−54/40).
MACM analysis
The IFG VOI from the ER meta-analysis showed convergent coactivation for bilateral insula, bilateral middle frontal (BA 45) and bilateral precentral gyrus (BA 44,6), bilateral aMCC and SMA, bilateral superior parietal lobe, bilateral thalamus, bilateral middle temporal gyrus,
bilateral putamen, pallidum and caudate nucleus, left fusiform gyrus,
left amygdala and left middle frontal gyrus (see Fig. 2a).
MACM analysis for the DLPFC VOI from the ER meta-analysis revealed convergent co-activation in aMCC, bilateral angular gyrus, bilateral anterior insula and left middle frontal gyrus (see Fig. 2b).
Co-activation maps for the MCC included bilateral insula, bilateral
middle frontal (BA 45) and bilateral precentral gyrus (BA 44,6), bilateral
SMA, bilateral superior parietal lobe, bilateral thalamus, bilateral fusiform gyrus, bilateral putamen and pallidum (see Fig. 2c).
Co-activation maps for the SMA were signiﬁcant for bilateral insula,
bilateral middle frontal (BA 45) and bilateral precentral gyrus (BA 44,6),
bilateral aMCC, bilateral superior parietal lobe, bilateral thalamus, bilateral fusiform gyrus, bilateral putamen, pallidum and caudate nucleus,
Table 2
Areas of activations resulting from the meta-analysis of emotions regulation, including
peak voxel MNI-coordinates, cluster sizes and peak voxel t-values.
Brain region

Hemisphere

MNIcoordinates

Cluster
size

Peak
voxel
T-Value

Supplementary motor area/presupplementary motor area
Inferior frontal gyrus
Inferior frontal gyrus
Precentral gyrus
Middle temporal cortex
Angular gyrus
Precentral gyrus
Angular gyrus

R+L

−2, 14, 58

1104

7.53

L
R
L
L
L
R
R

−42, 22, −6
50, 30, −8
44, 10, 46
38, 22, 44
−42, −60, 44
48, 8, 48
60, −54, 40

781
678
372
163
136
114
109

6.13
6.79
5.80
6.01
4.27
5.07
6.27
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Fig 1. Displayed are signiﬁcant results from the meta-analysis of emotion regulation (cFWE corrected N .05).

bilateral middle frontal gyrus and bilateral inferior temporal gyrus (see
Fig. 2d).
For the angular gyrus signiﬁcant co-activation was observed in bilateral intraparietal cortex and superior parietal lobule, left posterior and
middle cingulate gyrus, left IFG (p. triangularis) and left SMA.
Signiﬁcant co-activation for the superior temporal gyrus was observed in the left IFG (p. triangularis, opercularis and orbitalis) extending
into the left precentral gyrus, the left inferior, middle and superior temporal gyrus and temporal pole (TE 1.0, 1.1, 1.2, 3, 4 and OP 4), bilateral
SMA, right middle and superior temporal gyrus (TE 3), left intraparietal
cortex, right insula, left putamen, left fusiform gyrus, left superior medial
gyrus, and left prefrontal thalamus.
Functional characterization
Functional characterization according to the BrainMap meta-data
was performed for all ER derived VOIs.
The VOI in the aMCC was associated to BDs related to language,
working and explicit memory, as well as action inhibition. PCs most
often involved were anti-saccades, word generation, Stroop, go/no-go
and n-back tasks.
The SMA was associated to BDs on language, working and explicit
memory. PCs recruiting this area were word generation, phonological
discrimination, ﬂanker tasks, mental rotation, n-back, Sternberg, Deception, Stroop and arithmetic tasks.
The IFG was strongly associated with language, social cognition,
emotion, and action inhibition. PCs were associated with the IFG during
deception tasks, word generation, reading, episodic recall, different
monitor and discrimination tasks, and PCs related to nutrition and
memory recall.
Our DLPFC VOI was signiﬁcantly recruited in BDs action inhibition,
working memory, reasoning, social cognition and cognition in general.

Over-represented PCs were n-back, go/no-go and delay discounting
tasks, ﬁlm viewing and Stroop.
The STG VOI from the MA was associated with BDs language (different subcategories), social cognition, perception: audition and PCs on
theory of mind, covert reading, semantic monitoring and discrimination, passive listening and phonological discrimination.
The AG VOI was associated with BDs of social cognition and PCs on
chewing/swallowing, imagined objects or scenes, and deception tasks.
Discussion
The present study uses a meta-analytic approach to summarize the results of various studies on cognitive emotion regulation in fMRI and PET
and found signiﬁcant convergent activations in several areas previously
proposed to play an important role in the regulation of emotional states
(McRae et al., 2010; Ochsner and Gross, 2005; Schulze et al., 2011). The
results from our meta-analysis point towards the consistent involvement
in emotion regulation tasks of frontal areas, in particular the anterior
middle cingulate cortex, superior temporal gyrus, angular gyrus and
pre-SMA/SMA. Interestingly, all areas in our meta-analysis have also previously been shown to be related to regulation success (Ochsner et al.,
2002; Wager et al., 2008). Our results are consistent with recent metaanalyses on the same topic (Buhle et al., 2013; Kalisch, 2009), additionally
help clarify the functional contribution of different brain areas engaged in
emotion regulation by quantitative means and led to formulation of a
neural model of cognitive emotion regulation based on these results.
The DLPFC has often been shown to be involved in working memory
and response selection (D'Esposito et al., 2000; Miller and Cohen, 2001),
also its role in reward processing has been documented (Haber and
Knutson, 2010). It has been proposed to be a central regulatory brain
area in emotion processing, in which it regulates an emotion generated
by amygdala, insula and VLPFC (Phillips et al., 2003) and has also been
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Fig. 2. Depicted are connectivity maps corrected for multiple comparisons (FWE N 0.05) for the IFG (a), the DLPFC (b), the aMCC (c), the (pre-)SMA (d), the STG (e) and the AG
(f). Coactivation patterns are labeled red and seed VOI are in yellow.

proposed to play an important role in emotion regulation (Ochsner and
Gross, 2005). The DLPFC VOI in our data shows a widespread coactivation pattern with aMCC, bilateral angular gyrus, bilateral inferior
insula and left middle frontal gyrus. The DLPFC VOI is functionally characterized by an overrepresentation in purely cognitive tasks such as
working memory, reasoning, social cognition and cognition in general,
while it is not strongly associated with emotion processing. The functional characterization demonstrates that while our DLPFC VOI is the
result of a meta-analysis of emotion regulation, this area serves a
more general role in cognitive control regardless of emotional or nonemotional content. In turn, this notion supports the initial assumption
by Ochsner and colleagues that areas involved in “cold” cognition such

as attention and memory, might also be involved in the regulation of
“hot” emotions (Ochsner and Gross, 2005; Ochsner et al., 2002) and
thereby underscores the interaction between emotion and cognition.
Anatomically, the DLPFC is in the position to regulate a very broad
range of behavioral reactions, ranging from different motor behaviors
(Cieslik et al., 2012), approach and avoidance via its connections to the
ventral striatum (Haber, 2009a; Haber and Knutson, 2010). It lacks a direct anatomical connection to the amygdala (Ray and Zald, 2012), therefore it might exert a more indirect control over areas of affect generation
by its projections to the pre-SMA and aMCC (Ray and Zald, 2012), which
are both involved in emotion regulation and have an association to regulation success (Wager et al., 2008). The exact location of DLPFC
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activation might be of importance, when trying to determine its role in a
speciﬁc task, as recent work has shown that the DLPFC can at least be
subdivided into an anterior and posterior network with distinct connectivity patterns and functional characteristics (Cieslik et al., 2012).
As already introduced, the VLPFC (in conjunction with the anterior
insula) plays a major role in generating and appraising emotion and affect (Ochsner and Gross, 2005; Phillips et al., 2008). Our VLPFC VOI
(which extends into the anterior insula) shows a co-activation pattern
in IFG, DLPFC, (pre-)SMA, aMCC, ventral striatal areas, amygdala, fusiform gyrus, and middle temporal gyrus (partially covering STG). These
areas are involved in emotion processing (Lindquist et al., 2011; Phan
et al., 2002; Wager et al., 2003), which is also reﬂected by our functional
characterization. Besides language processes the VLPFC is associated to
different kinds of emotion processing, social cognition and also action
inhibition in the functional characterization. Anatomically, the VLPFC
possesses direct efferent anatomical connections to the amygdala,
while afferent projections from the amygdala most likely reach the
VLPFC via the anterior insula (Ray and Zald, 2012). It is also anatomically
connected to the STG (Ongür et al., 2003), which processes higher order
multi-modal integration and also regulates amygdala activity (Müller
et al., 2012). The medial prefrontal stream and the orbital prefrontal
stream are the major white matter tracts providing interconnectivity
between different prefrontal areas. Both of these neural pathways include the VLPFC (Ongür and Price, 2000; Ray and Zald, 2012). Therefore,
it might be in an optimal position to integrate computations from various prefrontal areas. It may also relay information between subcortical
areas and other prefrontal regions lacking direct connections to these
brain areas, such as the frontal pole and dorsolateral prefrontal cortices
(Ongür and Price, 2000; Ongür et al., 2003; Ray and Zald, 2012), rendering it in an ideal position to regulate activity in different brain networks.
In summary, the VLPFC VOI may play a central part in emotion processing, which is supported by previous meta-analysis and our functional
characterization, additionally it seems to play a role in regulatory processes as it is associated to action inhibition, which seems highly plausible given its anatomical position.
The aMCC VOI is functionally associated to memory tasks, language
processing and action inhibition. It is not overrepresented in emotion
processing in general, which supports the notion that the dorsal ACC
may more strongly be associated with cognitive control and therefore
reﬂects the “cognitive division” of the ACC (Bush et al., 2000). The
aMCC plays a crucial role in intentional motor control (Hoffstaedter
et al., 2012). This is in line with involvement of the aMCC VOI in action
inhibition and memory tasks. Nevertheless, several authors see the
aMCC as a key area for emotion related behavior. It is strongly involved
in monitoring reward response behavior (Haber, 2009b) and punishment avoidance (Vogt, 2009). Thus, the aMCC has been termed a limbic
motor control cortex and is involved in regulation of motor output systems for reward approach and punishment avoidance, and also in cognitive processes including selections, which do not require movement
and employ the MCC to this end (Vogt, 2009). This notion may integrate
our results from the functional characterization with literature on affective involvement of the aMCC as action inhibition, memory tasks and
language processing can be seen as components of the functionality of
a limbic motor control center described by Vogt (2009). Anatomically,
the aMCC receives projections from the parietal cortex and interfaces
skeletomotor systems via projections to the spinal cord, striatum,
(pre)SMA and other motor cortices, thus the aMCC is in a unique position to control, monitor and reorganize computations in motor structures to produce behavior in response to approach and avoidance
reactions (Vogt, 2009), which additionally supports the notion of limbic
motor control attributed to the aMCC.
The (pre)SMA VOI is functionally associated with language processing and memory tasks. Because all studies of our meta-analysis focus on
reconceptualization (changing the appraisal) we would argue that the
(pre)SMA VOI in the meta-analysis reﬂects the execution of this reconceptualization by reformulating mental representations relying on
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language and memory processing, possibly also in the sense of embodied cognition (Barsalou, 2008; Niedenthal, 2007; Smith and Semin,
2007). The localization of our (pre)SMA VOI corresponds to the localization of both the anterior and posterior cluster of the SMA identiﬁed by
functional characterization (Eickhoff et al., 2011), which were associated to cognitive and executive aspects of motor behavior, respectively.
The recruitment of both clusters in emotion regulation may reﬂect crucial involvement of both cognitive and executive aspects and indicate
that different subregions of the SMA cluster might be engaged in different stages of emotion regulation.
The AG VOI is associated with social cognition and paradigms in
which scenes or objects have to be imagined, as well as deception tasks
and chewing or swallowing. The angular gyrus is in general recognized
as an associative cortex for semantic processes (Seghier et al., 2011),
emotional stimuli (Kohn et al., 2011), episodic memory (Mazoyer et al.,
2001; Anticevic et al., 2010; Yang et al., 2010), mental arithmetic
(Grabner et al., 2009) and self-relevant internal cognitive processes
(Andrews-Hanna et al., 2010). These rather different tasks all share the
generation of an internal representation or image crucial for the respective performance, thus the AG's association with social cognition may be
explained by generation of imagined or remembered situations in social
cognitive tasks. Anatomically, the AG has projections to the aMCC (Vogt,
2009) and DLPFC (Haber, 2009b), which is in line with the functional
characteristics as the aMCC as limbic motor control center and the
DLPFC as cognitive control center are related to mental imagery and
thus AG functionality.
Our STG VOI is functionally characterized by language processing,
which reﬂects its role as a posterior language and higher order visual
processing area (Kandel et al., 2000). It computes higher order multimodal integrative processes and also affects amygdala activity (Müller
et al., 2012), which may reﬂect its association to social cognition. In
summary, the STG may play a role in verbalization of social scenes or
mental imagery and additionally is in a position to modulate affective
arousal via effective connectivity to the amygdala.
Intriguingly, the localization of STG, angular gyrus, (pre)SMA and
DLPFC activation overlaps with activations found in a study about planning of everyday tool use (Johnson-Frey et al., 2005). The authors assumed activations in this network to be associated with interaction of
semantic and motor representations underlying planning procedures of
automatized tool use. In the sense of embodied emotion (Halberstadt
et al., 2009; Niedenthal, 2007) thinking about an emotion is already
related with bodily simulation of this emotion (Damasio, 1996;
Niedenthal, 2007; Niedenthal et al., 2009). Such a bodily simulation of
an emotional state can be seen as an analogy to planning procedures in
tool use. In both processes a complex set of semantic and motor representations is engaged leading to an automatized motor procedure or an
automatized affect regulation procedure. Therefore, the STG, angular
gyrus and (pre)SMA might reﬂect a simulation of somatosensory,
motor and possibly language processing with the intent to reach an emotional brain state. To this end, these regions might represent the “executive arm” of “embodied emotion regulation”. The aMCC may function as a
mediator of regulation execution. It receives projections from the DLPFC
and VLPFC (Ongür et al., 2003; Ray and Zald, 2012) and thus may integrate computations related to the regulatory process, which in turn
propagate to the VLPFC (for re-appraisal) and to executive regulatory
areas, such as (pre)SMA, STG and angular gyrus, which inﬂuence activation in subcortical regions.
Process of emotion regulation
We propose a heuristic working model of conscious, cognitive emotion regulation, which aims to integrate the modal model of emotion
regulation (Gross, 1998, 2007) and appraisalist theories of emotion
with our ﬁndings of different functional characterizations of the areas
involved in emotion regulation. This 3-stage model for the regulation
of emotion proposes as an initial step the appraisal of an affective
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Fig. 3. This heuristic model of neural processing of emotion regulation relates to the modal model of emotion (Gross, 1998). Affective arousal is relayed via amygdala and basal ganglia to the VLPFC and the anterior insula, as well as SMA, angular gyrus
and STG (a). The VLPFC initiates the appraisal and signals the need to regulate the emotion to the DLPFC (b). The DLFPC processes the regulation itself and gives a feedforward signal (via the aMCC or directly) to angular gyrus, SMA, STG, amygdala and
basal ganglia, which in turn participate in the generation of a (regulated) emotional state (c).
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stimulus and the arousal generated by this stimulus (A, affective evaluation). Consecutive steps would be “detecting” the need for emotion
regulation and the initiation of regulatory processing (B, initiation of
regulation), followed by the regulation of affective arousal by generation of a new (regulated) emotional state (C, execution of regulation).
The decision which affective state should be regulated can be triggered
by various processes such as response tendencies, social norms and personality traits (see Fig. 3 for details and for discussion see Gross, 2007).
In general, subcortical brain structures, such as the amygdala and the
ventral striatum are thought to play a major role in generation of an
emotion (Lindquist et al., 2011; Phan et al., 2002; Wager et al., 2003).
It can therefore be assumed that these brain areas will be involved in
signaling affective arousal or excitation (Wager et al., 2008). We assume
that subcortical areas project affective arousal to the VLPFC (via the anterior insula and the aMCC). Although the literature of emotion regulation has focused on the VLPFC as a core regulatory center (Ochsner and
Gross, 2005; Phillips et al., 2008; Wager et al., 2008), we would argue
that it might more strongly reﬂect the appraisal phase and the initiation
of emotion regulation than the regulation itself as its functional involvement in emotion processing and social cognition as well as its anatomical connectivity indicates that it may represent a core hub of emotion
perception and evaluation (A). Additionally, there is evidence that the
VLPFC is a detector of salience rather signals when to inhibit and what
to feel, than reﬂects the inhibitory process itself (Hampshire et al.,
2010). Indeed, a recent meta-analytic connectivity study of the insula
additionally underscored the importance of the anterior insula in detection of saliency (Cauda et al., 2012). In addition, some authors have
stressed the relevance of the anterior insula in sustained tasks
(Dosenbach et al., 2006, 2007) which also may relate to its “task-active”
properties (Nelson et al., 2010).
In the next step (B), the VLPFC may signal the need for regulation via
the aMCC and direct anatomical connections to the DLPFC (Ongür and
Price, 2000; Ray and Zald, 2012). The anatomical connectivity of the
DLPFC and our functional characterization underscore its involvement
in “cold” regulatory processes, which may process information from the
VLPFC and relay processed information to a brain network involved in
(emoto-) motor control. Evidence for such a processing mode of the
DLPFC comes from cytoarchitectonic features of the DLFPC. Barbas
(2000) argued that the differential laminar patterns of the prefrontal cortex enable a distinction of functionality. She assumes that eulaminate, lateral prefrontal cortices (mainly Brodmann Area 46 and 8, which strongly
overlap to the portion of the DLPFC observed in our meta-analysis) have a
laminar connectivity pattern that implies a feed-forward function, while
the laminar connectivity pattern of the orbitofrontal cortex and VLPFC
implies a stronger involvement in feed-back functionality.
By simulating motor, somatosensory and language processes via
imagination of scenes and congruent verbalization, pre-motor areas, angular gyrus and STG may initiate a reenacting of an emotional scene
(Johnson-Frey et al., 2005; Niedenthal, 2007), which represents the execution of regulation (C). This may in turn inﬂuence activity in the ventral striatum and amygdala either directly or via the aMCC.
The VLPFC will in a ﬁnal stage most probably be involved in a reappraisal of affective activity from subcortical regions. This dual role of
the VLPFC in emotion regulation may be reﬂected in positive amygdalaVLPFC associations which negatively predict regulation success and positive VS-VLPFC associations which positively predict regulation success
(Wager et al., 2008). The authors also point towards the dual role of the
VLPFC in generation and regulation of emotions.
Nevertheless, our data does not support strong conclusion on the
pathway of emotion regulation, but offers some interesting insights,
which might guide future research as a heuristic working model.
Our line of argument implicitly assumes regulation of emotional reactivity to be mediated by an inﬂuence of (cortical) networks on subcortical affect generation structures. This view has been termed mediation
hypothesis (Wager et al., 2008). Another perspective is the direct pathway hypothesis which assumes that regulation of affect is related to a
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change of appraisal in prefrontal areas and only slightly affects subcortical, affective regions (Wager et al., 2008). Our study is not designed
to test these alternative hypotheses, but one can infer from our analyses
and the literature, that a highly plausible candidate structure in the direct pathway model would be the VLPFC as it detects salience, is a
core structure for appraisal processes (Hampshire et al., 2010; Wager
et al., 2008) and would also be in a good position to initiate higher
order cognitive processes or complex behaviors through its involvement in the medial prefrontal network (Ongür and Price, 2000).
A potential limitation of our results stems from the fact, that ﬁve studies included in our meta-analysis did not report information on the mental health status of their participants and the methods used for
assessment of mental health. Rather they only stated that subjects were
“normal”. Nevertheless, comparing activation patterns of the sample
with and without these studies did not change the general pattern.
Hence, we would argue that inﬂuence if present at all, is rather negligible.
Our data does not provide information on the causal relationship
within this network. Nevertheless, our meta-analysis might provide a
reliable map of anatomical regions for testing causal implications with
suited models (such as DCM; Friston et al., 2003).
Results from our meta-analysis, MACM and functional decoding may
aid in investigating psychiatric disease. The functional decoding and our
model of emotion regulation allow the assessment of the potential nature dysfunctions in emotion regulation and their neural circuits in psychiatric disorders. Erk et al. (2010) found an association of DLPFC and IPC
to amygdala decrease in healthy controls, which was identiﬁed as a measure of regulation success. In depressed patients the DLPFC did not show
such an association, which according to our model may relate to global
cognitive deﬁcits in the patient population, rather than deﬁcits in emotion regulation per se. Similarly, the ﬁnding of reduced ACC activation
in Borderline patients (Koenigsberg et al., 2009) would according to
our model be explainable in terms of disconnection of important relay
centers connecting salience detection, assessment/judgments and execution. We would argue, that the current ﬁndings on brain areas robustly
engaged in emotion regulation may provide important a priori information for the hypothesis-driven investigation of emotion-regulatory circuits in clinical populations.
Conclusion
We here identiﬁed core regions of the brain network involved in regulation of emotional reactivity and provide information on the relative
contribution of these brain areas to the stages of the regulatory process.
The DLPFC might be related to higher order “cold” regulatory processes;
based on its anatomical connections it is not in an ideal position to directly regulate emotions and therefore might have a more indirect, initiatory inﬂuence. Contrary to models of emotion regulation, the VLPFC
may not necessarily reﬂect the regulatory process per se, but signals salience and therefore the need to regulate. We identiﬁed a cluster in the
aMCC as a region which is anatomically and functionally in an ideal position to inﬂuence behavior and subcortical structures related to affect
generation and therefore this area may play a central, integratory role
in the regulation of emotional reactivity. Additionally, we propose putative roles of non-frontal brain areas in emotion regulation.
Based on our results we propose a 3-stage neural network model of
emotion regulation, consisting of emotion evaluation, initiation of regulation and execution of regulation. Emotion evaluation is associated
with the VLPFC as core hub, initiation of regulation with the DLPFC.
The STG, angular gyrus and (pre)SMA are involved in execution of regulation initiated by the DLPFC, while the aMCC may serve as a mediator
for integrating these steps.
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