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12Conflict adaptation reflects the ability to improve current conflict resolution based on previously experienced
13conflict, which is crucial for our goal-directed behaviors. In recent years, the roles of alertness are attracting in-
14creasing attentionwhendiscussing the generation of conflict adaptation. However, due to the difficulty ofmanip-
15ulating alertness, very limited progress has beenmade in this line. Inspired by that color may affect alertness, we
16manipulated background color of experimental task and found that conflict adaptation significantly presented in
17gray and red backgrounds but did not in blue background. Furthermore, behavioral and functional magnetic res-
18onance imaging results revealed that the modulation of color on conflict adaptation was implemented through
19changing alertness level. In particular, blue background eliminated conflict adaptation by damping the alertness
20regulating function of thalamus and the functional connectivity between thalamus and inferior frontal gyrus
21(IFG). In contrast, in gray and red backgrounds where alertness levels are typically high, the thalamus and the
22right IFG functioned normally and conflict adaptations were significant. Therefore, the alertness function of thal-
23amus is determinant to conflict adaptation, and thalamus and rIFG are crucial nodes of the neural circuit
24subserving this ability. Present findings provide new insights into the neural mechanisms of conflict adaptation.
25© 2016 Published by Elsevier Inc.
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36 1. Introduction

37 Conflict adaptationmanifests an improved conflict resolution driven
38 by previously experienced conflict (Botvinick et al., 1999; Gratton et al.,
39 1992), which subserves our goal-directed behaviors and therefore is
40 crucial for success in work and everyday life. Specifically, individuals
41 send conflict information detected on previous situation to the top-
42 down control system, which subsequently bias the perceptual process-
43 ing toward to task-relevant information and away from task-irrelevant
44 information on current situation. A newly prominent model accounting
45 for conflict adaptation, the Hebbian learning model (Verguts and
46 Notebaert, 2009), suggests that the conflict monitoring system triggers
47 an arousal response in a neuromodulatory system, which increases
48 Hebbian learning acting on task-relevant representations and accord-
49 ingly conflict control would be improved. The neuromodulatory system
50 is mainly located in the subcortical areas (Hobson and Pace-Schott,
51 2002; Pace-Schott and Hobson, 2002; Pessoa, 2008); however, the acti-
52 vation in these areas is not typically reported in conflict adaptation fMRI
53 (functional magnetic resonance imaging) studies (Verguts and
54 Notebaert, 2009). In fact, knowledge of the mechanisms underlying
55 conflict adaptation is still very limited.

56A dominant viewpoint of the Hebbian learning model is that the
57arousal level modulates conflict adaptation. Usually, to obtain an opti-
58mal performance, individuals have to maintain a high arousal/alertness
59level in experimental conditions. Relationship between alertness and
60executive control has been detected in the literature (Weinbach and
61Henik, 2012), with one study suggested that response conflict could in-
62duce generalized alertness (Kahneman, 1973). A recent study reported
63that the alertness level correlated positivelywith the conflict adaptation
64effect (Liu et al., 2013). However, as alertness level was not effectively
65manipulated in previous studies, the critical hypothesis of Hebbian
66learning model could not be directly examined. Interestingly, color has
67been suggested to be able to modulate alertness level. As one kind of
68basic information input, color ubiquitously influences our cognition
69and behavior (Elliot et al., 2007, 2009; Green et al., 1982). It had been
70mentioned that red, relative to blue, induces primarily the avoidance
71motivation, which makes people more vigilant and risk-averse; while,
72differently from red, blue is often associated with openness, peace,
73and tranquility (Mehta and Zhu, 2009). Common sense, when individ-
74uals perform the task needed to keep more vigilant, they would be in
75high alertness level. Braun and Silver (1995) examined the effect of
76color on perceptions of hazard, which may support the hypothesis
77that the color may exert influence on the alertness level. In their exper-
78iment, participants assessed the perceived hazard of signal words
79printed in specific hazard colors. Results showed that red was linked
80to the highest level of perceived hazard, followed by orange, black,
81green and blue. Therefore, once the hypothesis is established, we can

NeuroImage xxx (2016) xxx–xxx

☆ The authors report no conflict of interest.
⁎ Corresponding author at: Faculty of Psychology, Southwest University, Beibei District,

Chongqing, China.
E-mail address: xscat@swu.edu.cn (A. Chen).

YNIMG-12973; No. of pages: 9; 4C: 4, 5, 6, 7

http://dx.doi.org/10.1016/j.neuroimage.2016.02.048
1053-8119/© 2016 Published by Elsevier Inc.

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img

Please cite this article as: Wang, X., et al., Alertness function of thalamus in conflict adaptation, NeuroImage (2016), http://dx.doi.org/10.1016/
j.neuroimage.2016.02.048

mailto:xscat@swu.edu.cn
Journal logo
http://dx.doi.org/10.1016/j.neuroimage.2016.02.048
www.elsevier.com/locate/ynimg
http://dx.doi.org/10.1016/j.neuroimage.2016.02.048
http://dx.doi.org/10.1016/j.neuroimage.2016.02.048


U
N
C
O

R
R
E
C
T
E
D
 P

R
O

O
F

82 change the background color of current experiments to examine the in-
83 fluence of color on conflict adaptation.
84 Gray, blue and red were separately used as the screen background
85 color in current study. Because background color is generally mono-
86 chrome (i.e., gray, white or black) in previously related studies, the re-
87 sults in gray background can provide a comparison baseline. Blue and
88 red are primary colors when examining the effect of color on cognition
89 and behavior (Jalil et al., 2012). Moreover, they have been found to in-
90 duce opposite associations: blue is often associated with openness,
91 peace, and tranquility (NAz and Epps, 2004), whichmay decrease alert-
92 ness level; in contrast, red is often associatedwith dangers andmistakes
93 (Elliot et al., 2007), which may induce high alertness. If alertness mod-
94 ulates conflict adaptation, as predicted by the Hebbian learning model,
95 it could be expected to observe distinct influences of blue and red on
96 conflict adaptation.
97 In the present study, we first used an Attentional Networks Test
98 (ANT) (Fan et al., 2002) to confirm the modulation of background
99 color on alertness level (Experiment 1). The ANT is developed to mea-
100 sure the efficiency of the attentional networks, and it can provide scores
101 for alerting, orienting and executive control (Fan et al., 2005; Petersen
102 and Posner, 2012Q3 ). In this experiment, we evaluated the alerting score
103 differences across the gray, blue, and red backgrounds through the
104 ANT. Based on Experiment 1, we then employed a letter Flanker task
105 to investigate the color effect on conflict adaptation in Experiment 2.
106 In this task, participants were required to respond to central letter
107 while ignoring flanking letter that may suggest the same response as
108 the target (congruent trial, C) or an opposite response to the target (in-
109 congruent trial, IQ4 ) (Wang et al., 2014). Conflict adaptation is defined as
110 the reduced conflict effect (I− C) following an incongruent trial relative
111 to a congruent trial (Egner, 2007). And then we repeated and extended
112 the investigation about conflict adaptation by combining behavioral and
113 fMRI measurements (Experiment 3). Accordingly, we could obtain the
114 influences of color on alertness and conflict adaptation on both behav-
115 ioral and fMRI levels, which allows us to analyze whether those brain
116 areas regulating alertness level are modulated by background colors
117 during conflict adaptation, and how these areas interact with cognitive
118 control network (Cole and Schneider, 2007; Power and Petersen, 2013).
119 The event-related fMRI data allows us to address the neural mecha-
120 nisms of how alertness modulates conflict adaptation. Especially, we
121 will utilize the psychophysiological interaction (PPI) analysis (Friston
122 et al., 1997) to examine the neural network underlying the modulation
123 of color on conflict adaptation.
124 In general, neuroimaging studies have demonstrated that alertness
125 is associated with the norepinephrine system, including the thalamus,
126 prefrontal cortex and the parietal cortex (Marrocco and Davidson,
127 1998; Coull et al., 2000 范). The thalamic neurons could mediate the
128 shift between alert and nonalert states (Cano et al., 2006), whilst the an-
129 terior and posterior cortical sites and the thalamic area consist of the
130 alerting network (Fan et al., 2005). Meanwhile, conflict adaptation is
131 subserved by a set of prefrontal and parietal regions, involving the ante-
132 rior cingulate cortex, the prefrontal cortex, and the posterior parietal
133 cortex (Wang et al., 2015; EgnerQ5 et al., 2011; Kerns et al., 2004). There-
134 fore, in the present study, we expected to observe the color modulated
135 activation of the alertness-related regions, such as the thalamus. Andwe
136 further hypothesized that the color effect on conflict adaptation is
137 achieved by influencing the interaction between the altering and con-
138 flict control systems.

139 2. Materials and methods

140 2.1. Experiment 1: Behavioral modulation of color on alertness level

141 2.1.1. Subject
142 Forty-two (22 females) volunteers, between the age of 17 and
143 26 years (20 ± 4.76, mean± SD), took part in Experiment 1. All partic-
144 ipants were right-handed, had normal or corrected-to-normal vision,

145and normal color perception. Informed consent was acquired from
146each participant, and the study was approved by Southwest University
147Human Ethics Committee for the Human Research.

1482.1.2. Stimuli and procedure
149Participants performed a standard ANT task. Stimuli consisted offive
150horizontal arrows, with arrowheads pointing leftward or rightward
151within gray, blue, or red backgrounds. This central target arrowhead
152was flanked on either side by two arrows in congruent direction, or in
153incongruent direction, or by lines (neutral condition). The participants
154were inquired to identify the orientation of the target by pressing differ-
155ent keys. Participants viewed the stimuli from a distance of about 60 cm,
156and the visual angle of stimulus was 3.08°. The color of the computer
157screen was manipulated using RGB (red–green–blue) scheme (gray:
158R = 128, G = 128, B = 128; blue: R = 0, G = 0, B = 255; red: R =
159255, G = 0, B = 0).
160At the beginning of each trial, a fixation cross was presented for a
161random duration ranging between 400 and 1600 ms, followed by the
162appearance of a cue for 100 ms. There were four cue conditions: no
163cue, center cue, double cue, and spatial cue. In the no-cue condition,
164only the fixation cross was presented in the center of the screen for
165100 ms. In the center-cue condition, an asterisk was presented in the
166center of the screen for 100 ms. In the last two conditions, the fixation
167cross was always presented in the center of the screen. In addition, in
168the double-cue condition, two asterisks were presented simultaneously
169at two possible target positions for 100ms; in the spatial-cue condition,
170an asterisk was presented at the target position for 100 ms. After cue
171presentation, the fixation cross was again presented for 400 ms follow-
172ed by the appearance of the target at a visual angle of 0.96° above or
173below the cross. Target location was always uncertain except on
174spatial-cue trials. Participants were instructed to focus on the centrally
175located fixation cross throughout the task.
176Participants were instructed to respond as quickly and accurately as
177possible by pressing a key on the keyboard in correspondence to the tar-
178get after the appearance of the target. Specifically, half of the partici-
179pants were instructed to press F with the left index finger if the target
180oriented left and to press J with the right index finger if the target ori-
181ented right. The finger-to-key mapping was reversed in the remainder
182of the participants. Each participant firstly completed 24 full-feedback
183practice trials. There were three blocks in this experiment, each of
184which was randomly set as one of three background colors (gray, blue
185and red). Each block has 96 ANT trials (4 cue conditions × 2 target loca-
186tions × 2 target directions × 3 flanker conditions × 2 repetitions).

1872.2. Experiment 2: Behavioral modulation of color on conflict adaptation

188In this experiment, we asked the participants to complete the letter
189flanker task under three background screen colors (gray, blue, and red).
190Because conflict adaptation effect can be analyzed based on the letter
191flanker task, this experiment allows us to explore the influence of back-
192ground color on conflict adaptation effect.

1932.2.1. Subject
194Thirty-six (22 females) right-handed volunteers, between the age of
19519 and 26 years (21 ± 1.72, mean± SD), took part in Experiment 2. All
196participants were right-handed, had normal or corrected-to-normal vi-
197sion, and normal color perception. Informed consentwas acquired from
198each participant, and the study was approved by Southwest University
199Human Ethics Committee for the Human Research.

2002.2.2. Stimuli and procedure
201Stimuli were presented on a computer screen placed at a distance of
202about 60 cm from participants. The color of the computer screen was
203manipulated using RGB (red-green-blue) scheme (gray: R = 128,
204G = 128, B = 128; blue: R = 0, G = 0, B = 255; red: R = 255, G = 0,
205B = 0). The letter flanker task was employed by using four letters (S,
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