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a b s t r a c t The main issue of this study was to determine whether cognitive control is affected by acute moderate exercise. Twelve participants [4 females (VO2 max = 42 ml/kg/min) and 8 males (VO2 max = 48 ml/kg/ min)] performed a Simon task while cycling at a carefully controlled workload intensity corresponding to their individual ventilatory threshold. The distribution-analytical technique and the delta plot analysis [Ridderinkhof, K. R. (2002). Activation and suppression in conﬂict tasks: Empirical clariﬁcation through distributional analyses. In W. Prinz & B. Hommel (Eds.), Common mechanisms in perception and action. Attention and performance (Vol. 19, pp. 494–519). Oxford: Oxford University Press.] were used to assess the role of selective response inhibition in resolving response conﬂict. Results showed that cognitive processes appeared to be differently affected by acute moderate exercise. Reaction time results conﬁrmed that performance is better (faster without change in accuracy) when the cognitive task is performed simultaneously with exercise. Between-trial adjustments (post-conﬂict and post-error) highlighted that cognitive control adjustments are also fully efﬁcient during exercise. However, the effect of congruency (Simon effect) appeared to be more pronounced during exercise compared to rest which suggests that the response inhibition is deteriorated during exercise. The present ﬁndings suggest that acute moderate exercise differently affects some speciﬁc aspects of cognitive functions. Ó 2008 Elsevier Inc. All rights reserved.



1. Introduction



1.1. Cognitive control during exercise



In sport and exercise activities, successful performances strongly depend on the ability to simultaneously carry out cognitive and physical demands. It has been established that acute moderate exercise enhances cognitive functions (e.g., Chmura, Krysztoﬁak, Ziemba, Nazar, & Kaciuba-Us´cilko, 1998; Davranche & Audiffren, 2004; McMorris & Graydon, 1996; Yagi, Coburn, Estes, & Arruda, 1999). Davranche, Burle, Audiffren, and Hasbroucq (2005, 2006) also showed that most of this improvement is due to better efﬁciency of the peripheral motor processes (i.e., better synchronisation of the motor units discharge), and a smaller part is due to greater efﬁciency of the peripheral sensorial processes. However, even if the effect of exercise on basic cognitive processes is now well documented (for reviews see McMorris & Graydon, 2000; Tomporowski, 2003), the effect of acute exercise on higher-cognitive processes such as cognitive control, working memory and cognitive ﬂexibility is still very much a matter of debate.



Only few studies have assessed the effect of acute exercise on higher-cognitive functions. For instance, Pesce, Capranica, Tessitore, and Figura (2002) and Pesce, Tessitore, Casella, and Capranica (2007) found an improvement in performances during discriminative reaction time (RT) experiments requiring attentional orientation and cognitive ﬂexibility. Alternatively, Pontifex and Hillman (2007) failed to observe any change in cognitive control using an Eriksen ﬂanker task during which distracting information enter into competition with target information. Dietrich and Sparling (2004) were the ﬁrst to highlight a selective impairment on prefrontal-dependent cognitive tasks during exercise on tasks requiring different amounts of cognitive control. These authors suggested that the transient hypofrontality hypothesis proposed by Dietrich (2003) could explain the decline observed during acute exercise. The transient hypofrontality hypothesis suggests that during exercise there is a massive and sustained activation of motor and sensory systems. Accordingly, a reallocation of the limited availability of information processing resources is necessary and leads to a temporary inhibition of neural networks (e.g., areas of the frontal lobe involved in higher-cognitive functions) that have not been prioritized. Thus, processes related to the inhibited regions of the brain are expected to manifest impairment during exercise (for details see Dietrich, 2006). However, the sporadic results as well as
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the disparate ﬁndings in the current literature do not allow clariﬁcation of the effect of acute exercise on cognitive control and executive functions. Moreover, the diversity of the protocols also lead to many equivocal results, and considerable differences in experimental protocols (e.g., exercise intensity and duration, time on task, nature of the cognitive task) do not facilitate the synthesis and the comparison of results. The main issue of this study was to determine whether acute moderate exercise affects cognitive control in an interference task (Simon task) while cycling at a carefully controlled workload intensity. The distribution-analytical technique and the delta plot analysis (Ridderinkhof, 2002; Ridderinkhof, van den Wildenberg, Wijnen, & Burle, 2004) were used to assess the role of selective response inhibition in resolving response conﬂict. 1.2. Conﬂict resolution In the Simon task, participants had to select the task-relevant feature of a stimulus (the colour) and inhibit the surrounding task-irrelevant feature (the spatial location) of the same stimulus. The relevant and irrelevant information are integral parts of the same stimulus and participants had to choose the appropriate rule to apply rather than the relevant information to use. There were two types of trials: the congruent trials (CO) during which the spatial location of the stimulus corresponded to the task-relevant aspect of the stimulus (e.g., left stimulus/left response), and the incongruent trials (IN) in which the spatial location of the stimulus corresponded to the opposite spatial location of the response (e.g., left stimulus/right response). During such interfering tasks, RT performance is usually reported to be shorter when relevant and irrelevant information correspond to the same response than when they are mapped to different responses. This RT lengthening observed during incompatible trials is assigned to the emergence of a conﬂict between the activation of the incorrect response (associated with the irrelevant information) and the activation of the correct response (associated with the relevant information) which delays the response execution. An additional purpose of this study was to determine, whether the proﬁciency of selective response inhibition mainly solicited during the Simon task is affected by exercise. To this aim, the distribution-analytical technique and the delta plot analysis (Ridderinkhof, 2002; Ridderinkhof et al., 2004) were used to assess the role of selective response inhibition in resolving response conﬂict. More precisely, the delta plots were constructed by plotting the congruency effect as a function of the response speed. According to the activation suppression hypothesis (Ridderinkhof, 2002), the build up of selective response inhibition during the conﬂict task results in a reduction of the congruency effect for slow responses compared to fast responses. Hence, the delta plot curve, which indexes an online inhibitory control, was used to assess the selective inhibition of the automatic response activated on the basis of the distracting information. The delta plot technique has already been successfully applied to the examination of the effects of alcohol (Ridderinkhof et al., 2002), methylphenidate, attention deﬁcit hyperactivity disorder (Ridderinkhof, Scheres, Oosterlaan, & Sergeant, 2005), and mild cognitive impairment (Wylie, Ridderinkhof, Eckerle, & Manning, 2007) on the efﬁciency of response inhibition in conﬂict tasks. If the efﬁciency of selective response inhibition is modiﬁed by exercise, the magnitude of interference effects as a function of response speed should be different and we should observe diverging delta plot curves between rest and exercise conditions. 1.3. Conﬂict adaptation During conﬂict tasks, subjects actively monitor their performances and adjust the cognitive control during the task. The inter-



ference effect and the control engaged to cope with a conﬂict depend on the congruency of the preceding trial (Gratton, Coles, & Donchin, 1992; Kerns et al., 2004). The interference effect generated by the irrelevant information is actually weaker after incongruent trials than after congruent trials. Such between trial adjustments of control result from the occurrence of a high conﬂict on incongruent trials which leads to the engagement of greater cognitive control and, as a result, reduces the inﬂuence of the irrelevant information on the subsequent trial. Thus, classically RTs on incongruent trials preceded by incongruent trials ( 
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