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23The ability to regulate emotions is essential for adaptive behavior. This ability is suggested to bemediated by the con-
24nectivity between prefrontal brain regions and the amygdala. Yet, it is still unknownwhether the ability to regulate
25emotions can be trained by using a non-emotional procedure, such as the recruitment of executive control (EC).
26Participantswhowere trained using a high-frequent executive control (EC) task (80% incongruent trials) showed
27reduced amygdala reactivity and behavioral interference of aversive pictures. These effects were observed only
28following multiple-session training and not following one training session. In addition, they were not observed
29for participants exposed to low-frequent EC training (20% incongruent trials). Resting-state functional connectiv-
30ity analysis revealed a marginally significant interaction between training groups and change in the connectivity
31between the amygdala and the right inferior frontal gyrus (IFG). Amygdala–IFG connectivity was significantly
32increased following the training only in the high-frequent EC training group. These findings are the first to
33show that non-emotional training can induce changes in amygdala reactivity to aversive information and alter
34amygdala–prefrontal connectivity.
35© 2015 Elsevier Inc. All rights reserved.
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40Q3 Introduction

41 Excessive emotional arousal can impair individuals' ability to
42 achieve their goals (Ochsner et al., 2002). This is especially true when
43 heightened arousal emerges from an encounter with task-irrelevant
44 emotional stimuli. Although emotional processingwas considered auto-
45 matic for many years (Öhman et al., 2001), the prevalent notion among
46 emotion scientists today posits that emotions can be down-regulated
47 using voluntary (Goldin et al., 2008; Ochsner and Gross, 2008) and
48 involuntary (Dolcos et al., 2006; Okon-Singer et al., 2007; van Dillen
49 et al., 2009) emotion regulation strategies. These regulation mecha-
50 nisms are associated with enhanced activation in prefrontal regions
51 such as the anterior cingulate cortex (ACC), the dorsolateral prefrontal
52 cortex (DLPFC), and the right inferior frontal gyrus (IFG) and reduced
53 activation in the amygdala, a key region in emotional processing
54 (Dolcos et al., 2006; Iordan et al., 2013;Q4 Okon-Singer et al., 2014; Van
55 Dillen et al., 2009; see reviews in Okon-Singer et al., 2013, 2015).
56 Importantly, the same prefrontal regions that are activated during
57 emotion regulation tasks are also activated in tasks that recruit executive

58control (EC) (Aron et al., 2004; Fan et al., 2005; MacDonald et al., 2000).
59EC is a high-order cognitive operation that enables goal-directed behav-
60ior by suppressing irrelevant distraction (Banich, 2009; Fan et al., 2002;
61Miller and Cohen, 2001). Several studies reported that EC plays a role
62also in suppressing irrelevant emotional information (Blair et al., 2007;
63Cohen et al., 2011, 2012) and that there are functional and anatomical
64connections between EC-related regions and the amygdala (Quirk and
65Beer, 2006; Rohr et al., 2015; Roy et al., 2009). Thus, the inverse link
66between activation in prefrontal regions and the amygdala may be
67explained by EC activation.
68Indeed, behavioral findings indicate that EC-based training can re-
69duce emotional distraction and emotion dysregulation symptomatology
70(Cohen et al., 2015a, 2015b; Daches and Mor, 2014; Schweizer et al.,
712011, 2013; Siegle et al., 2007). Specifically, training participants to ex-
72ercise inhibition over emotional information was found to reduce state
73(Cohen et al., 2015a, 2015b) and trait (Daches and Mor, 2014) rumina-
74tions, a maladaptive coping strategy that is highly associated with de-
75pression and other psychopathologies (Nolen-Hoeksema et al., 2007).
76In addition, training participants with an emotional working memory
77task led to increased activation in frontal and parietal regions during
78an emotion regulation task (Schweizer et al., 2013). The findings re-
79garding the effects of non-emotional EC training on emotional behavior
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80 are equivocal. While some studies have found that non-emotional EC
81 training reduces psychopathological syndromes related to emotion
82 dysregulation (Calkins et al., 2014; Siegle et al., 2007), contradicting
83 evidence shows that only training consisting of emotional information
84 alters emotional behavior (Schweizer et al., 2011). Thus, it is yet un-
85 known whether non-emotional EC training can induce changes in
86 emotion-related brain activity and in amygdala–prefrontal connectivity.
87 The use of a non-emotional training is important for the understanding
88 of cognition–emotion interactions and for clinical purposes. Specifically,
89 in order to reveal the mechanisms involved in emotion regulation it is
90 important to distinguish emotional from non-emotional effects. In pre-
91 vious studies inwhich emotional stimuli were embedded in the training
92 it was hard to distinguish effects related to executive control from
93 effects related to the emotional information. Therefore, using non-
94 emotional training can uncover the specific cognitive mechanisms that
95 subserve emotion regulation. Moreover, such training can be easily
96 employed with different populations, such as children, elder adults,
97 and individuals with neurological or psychiatric disorders.
98 The current work examined the effects of single-session and
99 multiple-session EC training on emotional reactivity (Fig. 1A). Partici-
100 pants were randomly assigned to one of two training groups; a high-
101 frequent EC group (H-EC) and a low-frequent EC group (L-EC). Each
102 participant performed an initial training session, as well as additional
103 18 training sessions (over 6 days). Each training session contained an
104 arrow-flanker task, which is commonly used to test EC (MacLeod
105 et al., 2010). The arrow-flanker task consisted of congruent and incon-
106 gruent stimuli. Incongruent stimuli necessitate the recruitment of EC
107 (Gratton et al., 1988; Norman and Shallice, 1980). The proportion of in-
108 congruent trials was 80% in the H-EC group and 20% in the L-EC group.
109 Functional magnetic resonance imaging (fMRI) was used to assess
110 amygdala activation during an emotional interference task and
111 resting-state functional connectivity between the amygdala and pre-
112 frontal regions implicated in the EC task. The emotional interference
113 task consisted of negative and neutral pictures from a validated set
114 (International Affective Pictures System: IAPS; Lang and Bradley,
115 2007). Negative pictures from the IAPS are commonly used to assess
116 emotional reactions and are known to elicit amygdala activation
117 (e.g., Hariri et al., 2002). On each trial a picturewas followed by a simple
118 discrimination task (deciding whether a presented square is blue or

119green). Previous studies that used similar tasks demonstrated that emo-
120tional distracters Q5delay performancewhen irrelevant to the task at hand
121(Buodo et al., 2002; Hartikainen et al., 2000). Using this task enabled us
122to assess both behavioral and functional effects related to emotional
123processing. Importantly, we chose a very simple emotional interference
124task because we were interested in the effects of a “pure” executive
125control training on a “pure” emotional processing task. Choosing basic
126executive control and emotional interference tasksfits best our question
127whether a non-emotional training can alter emotion-related behavioral
128and functional reactions.
129Compared to the L-EC group, the H-EC group was predicted to show
130reduced amygdala activation in response to distracting aversive pictures
131following training, associated with a reduction in behavioral interfer-
132ence by aversive pictures. Furthermore, we expected the H-EC group
133to show enhanced resting-state functional connectivity between the
134amygdala and prefrontal regions implicated in the flanker task. These
135predictions were based on previous findings showing that non-
136emotional EC training can reduce emotion dysregulation symptoms
137(Calkins et al., 2014; Siegle et al., 2007; although as noted contradicting
138evidence was shown by Schweizer et al., 2011), as well as on data from
139our lab showing that the behavioral (Cohen et al., 2011, 2012) and psy-
140chophysiological (Cohen et al., in press) reactions to aversive informa-
141tion are attenuated following EC activation.

142Materials and methods

143Subjects

144Thirty-six healthyparticipantswithout anyhistory of neurological or
145psychiatric diseases participated in the study in return for payment. The
146studywas approved by the ethics committee of the University of Leipzig
147and all subjects gave informed consent prior to the experiment. All
148of the participants were right-handed, according to the Edinburgh
149Handedness Inventory (Oldfield, 1971). Participants were randomly
150assigned to one of the two training groups. Three participants did not
151complete the training and thus did not participate in the second scan-
152ning session. The data of seven additional participants were excluded
153due to technical problems during the home training or the scanning
154sessions. The resultant sample included 26 participants, 13 in the L-EC

Fig. 1. A — general study timeline; B — emotional task procedure: negative and neutral pictures appeared before a choice reaction task; participants were asked to indicate whether a
square was blue or green; C — home training procedure: arrow-flanker task; participants were asked to indicate the direction of the middle arrow and ignore the flanking arrows,
which could be congruent or incongruent to the target arrow.
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