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Task switching is one of the typical paradigms to study cognitive control. When switching back to a recently inhibited task (e.g., “A” in an ABA sequence), the performance is often worse compared to a task without N-2 task repetitions (e.g., CBA). This difference is called the backward inhibitory effect (BI effect), which reflects the process of overcoming residual inhibition from a recently performed task (i.e., deinhibition). The neural mechanism of backward inhibition and deinhibition has received a lot of attention in the past decade. Multiple brain regions, including the frontal lobe, parietal, basal ganglia, and cerebellum, are activated during deinhibition. The event-related potentials (ERP) studies have shown that deinhibition process is reflected in the P1/N1 and P3 components, which might be related to early attention control, context updating, and response selection, respectively. Future research can use a variety of new paradigms to separate the neural mechanisms of BI and deinhibition.
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INTRODUCTION

Backward inhibition (BI) refers to the continued inhibition from a recently performed task (Grange and Houghton, 2010; Costa and Friedrich, 2012). Mayr and Keele (2000) first adopted the sequence task switching paradigm and revealed the BI effect, also termed as the N-2 repetition costs (Mayr and Keele, 2000; Lien and Ruthruff, 2008; Philipp et al., 2008; Koch et al., 2010). BI in task switching can be explained as follows: when switching to a task that has just been executed (e.g., ABA task sequence), it takes longer response time than switching to a task that has not been executed just now (e.g., CBA task sequence, Arbuthnott and Frank, 2000; Mayr and Keele, 2000). In short, BI means that when a task is switched (A→B), we will inhibit the preceding task A, and this inhibition will still exist after we perform the new task and continue until the subsequent trial. When the next trial is task A that was previously inhibited (A→B→A), the previous inhibition needs to be overcome, leading to behavioral costs, i.e., the cost of deinhibition (Arbuthnott and Frank, 2000; Mayr and Keele, 2000; Grange and Houghton, 2010; Costa and Friedrich, 2012). It can be shown both in the reaction time slowdown and by increase in the number of errors. Therefore, the BI effect was first used to prove that there is a process of inhibiting the previous task in task switching (Mayr and Keele, 2000; Mayr, 2007).

In the past 20 years, more and more researchers have conducted research on the BI effect, but the BI effect specifically reflects which cognitive process is ambiguous. Although researchers have adopted the term BI in the past decades, in our opinion, it is inappropriate to call BI when we check the relevant operational definition and measurement methods. For example, some studies have determined that cognitive deficits (i.e., Parkinson’s disease, Fales et al., 2006), underdeveloped brains (i.e., adolescents, Giller et al., 2019), and aging brain functions (i.e., elderly, Giller and Beste, 2019) will lead to greater BI effects. However, some previous researches believe that the BI effect reflects the intensity of inhibition. The larger the BI effect, the greater the intensity of the inhibition of the previous stimulus (Mayr, 2001; Whitmer and Banich, 2012; Wolff et al., 2018). This seems to be unexplainable. Is it possible that individuals with impaired brain function or underdeveloped brain function have stronger inhibitory capacity? Therefore, it is urgent to clarify the nature of the BI effect and its internal mechanism. In fact, some researchers have pointed out that in BI research, most of the investigations are deinhibition, not the inhibition of previous stimuli (Mayr and Keele, 2000; Dreher and Berman, 2002; Fales et al., 2006; Giller and Beste, 2019; Picazio et al., 2020). Therefore, the first aim of this review is to summarize the main paradigm of BI research, the development of BI ability, and analyze whether the cognitive process reflects the inhibition process or the deinhibition process. In addition, more and more cognitive neuroscientists have found that multiple brain regions, including the frontal lobe, parietal, basal ganglia, and cerebellum, are activated during deinhibition. The ERP studies have shown that deinhibition process is reflected in the P1/N1 and P3 components, which might be related to early attention control, context updating, and response selection, respectively. Although these studies have made great contributions to revealing the brain mechanism of BI, there are still inconsistent conclusions and many problems to be solved. The second aim of this review is to conduct a comprehensive summary and analysis of the research on the neural mechanisms of BI in order to understand the brain mechanisms of BI more clearly. Finally, this article will give a clear conceptual definition of BI to correct the incorrect description of the nature of BI in existing studies.



EXPERIMENTAL PARADIGMS

Usually, the three consecutive tasks involved in the triple task paradigm are treated as a single unit. The position where the first task appears is defined as trial N-2, the position where the second task appears is defined as trial N-1, and finally, the current task is regarded as trial N. According to a different sequence, task sequences, such as ABA and CBA, are formed. The BI effect is mainly reflected based on the difference in the response time between ABA and CBA. Based on the dimensions of switching and task requirements, the research paradigms of BI can be divided as follows.


Perceptual Dimension Switching Task

In the perceptual dimension switching task, participants need to switch between different stimulus dimensions among multiple stimuli (Mayr and Keele, 2000; Grange and Houghton, 2009, 2010; Grange and Juvina, 2015; Kowalczyk and Grange, 2017). In the study of Mayr and Keele (2000), participants were asked to search for the pop-out items among the given four items. The searching criteria included identifying three different dimensions (color, direction, and movement status). Participants were asked to search for items that deviated from the pre-specified dimensions and reacted through the corresponding buttons. In each trial, each item deviated from the whole with respect to only one dimension. For example, if the specified dimension in trial N-2 was color, then the Lag-2 repetitive (or non-repetitive) trials were defined when the target dimension in trial N was the same (or different) as trial N-2. The reaction time (RT) of the Lag-2 repetitive sequence was reported to be longer than the non-repetitive sequence.



Movement Direction Switching Tasks

In the movement direction switching tasks, participants must move the target directionally according to cues that are repeated or switched across trials (Mayr, 2002; Grange, 2018; Kowalczyk and Grange, 2020). Kowalczyk and Grange (2020) asked the participants to perform a rapid spatial transformation of the stimulus location according to the cues and move the stimulus to the correct location by pressing the key corresponding to the spatial location. The numbers “1,” “2,” “4,” and “5” corresponded to four locations: bottom left, bottom right, top left, and top right, respectively. Three cues corresponded to three types of movement tasks (hexagon: vertical movement; square: diagonal movement; triangle: horizontal movement). For example, if the stimulus appeared in the bottom left, and the task required horizontal movement, the participant needed to move the stimulus to the bottom right by pressing the button “2.” According to three different movement rules, two task sequences, CBA and ABA, were obtained. Kowalczyk and Grange (2020) found that when task A in trial N-2 appeared again (ABA), the response time of task A was significantly slower than task A in the CBA sequence.



Semantic Dimension Switching Task

Numerous studies on BI have used the semantic dimension switching task, in which participants classified the stimuli based on semantic rules (Dreher and Berman, 2002; Schuch and Koch, 2003; Arbuthnott, 2008; Greenberg et al., 2013; Schuch and Grange, 2015; Jost et al., 2017; Regev and Meiran, 2017; Sexton and Cooper, 2017; Picazio et al., 2020). For example, Schuch and Koch (2003) used numbers 1–9 as stimuli and asked the participants to perform three tasks, i.e., parity (odd number vs. even number), magnitude (small number vs. large number), and distance (near vs. far from 5) judgments. Dreher and Berman (2002) used alphabets to allow the participants to make a judgment regarding vowels/consonants, uppercase/lowercase, and before/after the letter “m” according to different color cues.



Modality Switching Task

Several recent studies have adopted the modality switching task (Zhang et al., 2016a,2017; Wolff et al., 2018; Giller and Beste, 2019; Giller et al., 2019, 2020). In the experiment by Koch et al. (2004), two tasks included numerical judgment tasks (parity and size), and the third task was a simple reaction task, requiring the simultaneous pressing of two reaction keys when the stimulus appears. The square represented task A (odd/even), the diamond represented task B (large/small), and the triangle represented task C (double press). Compared with more complex tasks that required numerical judgment, N-2 repetitive costs also existed in simple reaction tasks. Philipp and Koch (2005) explored the BI effect on different response modes using three cues: square, triangle, and rhombus, which represented pedal response, finger response, and voice response, respectively. Participants were asked to make a judgment on the size or parity of numbers. In the whole experiment, each participant was only asked to make a type of number judgment (size or parity). Participants needed to use the appropriate response mode (manual, sound, or pedal response) based on these cues. It turns out that when switching between different modes, N-2 repetitive costs also existed, which indicated that the BI effect could be observed on task sets with different reaction modes.




DEVELOPMENT OF BI AND IMPAIRMENT IN PATIENTS


Adolescents Versus Adults

Compared with the adults, the cognitive flexibility of adolescents is known to be not fully developed (Lehto et al., 2003; Davidson et al., 2006; Hauser et al., 2015), and it is more difficult for adolescents to overcome the BI effect than adults (Giller et al., 2019). Giller et al. (2019) compared the ability of deinhibition (i.e., overcoming BI effect) between the adolescent and adult group. They found that there was no significant difference between the two groups under base conditions (CBA). However, under BI conditions (ABA), the response time of adolescents was significantly longer than adults, leading to a significantly greater BI effect (ABA minus CBA) for adolescents than adults, which suggested that the adolescent group had a lower ability of deinhibition than the adult group.

The underlying neural principle of the development of BI during adolescents was hypothesized to be as follows. The response selection mechanism in the process of deinhibition has been shown to be regulated by the dopaminergic system and related to the activity of the anterior cingulate cortex (Zhang et al., 2016a), and the BI effect is also related to the functions of the basal ganglia, auxiliary motor areas, and premotor areas (Whitmer and Banich, 2012). Adolescents exhibit difficulties in overcoming BI, which could be attributed to the fact that their dopaminergic system and medial frontal brain structure are still underdeveloped (Segalowitz et al., 2011; Simon and Moghaddam, 2017).



Adults Versus Elderly

The ability to overcome BI effects might also be affected by aging (Mayr, 2001; Giller and Beste, 2019). Mayr (2001) found that the BI effect of the elderly was greater than young adults. BI is known to reflect the intensity of inhibition. Thus, the inhibition intensity of the elderly in the BI tasks would be greater than that of young adults. Giller and Beste (2019) compared the ability of deinhibition between the elderly and young adults. The BI effect of the elderly group was found to be significantly greater than the young adults, indicating that the elderly participants found it more difficult to perform the recently inhibited tasks. The aging of BI has been suggested to be related to the function of the right inferior frontal gyrus (rIFG), which is known to be involved in the inhibitory process (Wolff et al., 2018). Due to the aging or dysfunction of rIFG in the elderly (Cooray et al., 2014; Kleerekooper et al., 2016; Hu et al., 2018), elderly adults are known to be more likely to show a decrease in deinhibition ability as compared to the young adults. The aging of BI might also be related to the dopaminergic system, which would decline during the aging process (Grady, 2008; Eriksen et al., 2009; Uchida et al., 2009).

However, other studies have not found evidence of the aging of BI (Li and Dupuis, 2008; Lawo et al., 2012; Schuch, 2016). For example, Li and Dupuis (2008) investigated the age difference of the BI in the sequential flanker task and found that there was no difference in the size of BI between different age groups. In the study of Schuch (2016), participants were asked to respond to facial expressions, which were evaluated based on gender, mood, and age. Schuch (2016) also showed no significant difference in the BI effect between the elderly and the young adults.



Impairment of BI in Patients

Fales et al. (2006) allowed the patients with mild to moderate Parkinson’s disease (disease group) and the control group to perform three tasks in a mixed manner. Compared with the control group, the patients in the disease group made a significantly greater number of mistakes during alternate switching (ABA). The author suggested that these PD patients who had difficulties in overcoming BI could not direct their attention to the new task set, i.e., PD patients had disproportionate difficulties in organizing resources to reactivate recently suppressed task settings. Previous studies have also shown that patients with Parkinson’s disease experience difficulty in shifting attention to new tasks (Brown and Marsden, 1988; Meiran et al., 2004; Gul et al., 2017).

Wolff et al. (2018) compared adolescent patients with obsessive-compulsive disorder (OCD) and normal adolescent participants. A major aspect of OCD involves cognitive inflexibility (Chamberlain et al., 2006; Rosa-Alcázar et al., 2020; Martínez-Esparza et al., 2021). Flexible cognitive abilities are sometimes required to re-use thought patterns that have been abandoned recently. Therefore, in some cases, cognitive flexibility can help restore certain stereotyped, repetitive behaviors of OCD. Wolff et al. (2018) demonstrated that compared with the normal group, patients with OCD showed a smaller BI effect. However, the results also showed that the smaller BI effect in patients with OCD was due to the significantly increased RT in the base condition (CBA) rather than the decrease of RTs in the ABA response time. Therefore, the smaller BI effect shown by patients with OCD did not correspond to a better ability of deinhibition.

Based on the above findings, both experimental paradigms and material should be taken into account when exploring the BI effect of special patients. On the one hand, not all task paradigms are adequate to elicit BI. As mentioned above, the inhibition process in the task switching paradigm is implicit, and if the inhibition cannot be successfully activated, the deinhibition ability cannot be clearly observed for the patients with obsessive-compulsive disorder (Wolff et al., 2018). On the other hand, the selection of the material is also important to reveal the BI effect (Foti et al., 2015a,b; Picazio et al., 2020). For example, Foti et al. (2015a; 2015b) demonstrated that Williams syndrome exhibited normal BI effect during verbal task-switching, but no BI effect during visuospatial task-switching, which indicates that the BI effect may be Domain-Specific. In addition to special patients, the reproducibility of BI effect in healthy participants might be also depended on the experimental paradigms and material. BI effect will not occur when the current task only requires bottom-up processing, or the inhibition induced by the previous trial is not sufficient to persist until the current trial (Mayr and Keele, 2000, Experiment 3; Picazio et al., 2020). For example, Picazio et al. (2020) observed no BI effect in the spatial task-switching paradigm. They explained that the visual features of the target stimulus were sufficient to trigger the response in a bottom-up manner with no need of top-down control. Another possible explanation is that spatial task-switching is easier than verbal task-switching. In the case of long RSI (1,500 ms) and stimulus presentation time (2,500 ms), relatively easy task requirements may cause the inhibition induced by the previous trial to fade naturally before entering the current trial, so there is no spatial BI effect. In summary, various task parameters should be considered to ensure the repeatability of BI effects.




BRAIN AREAS ASSOCIATED WITH BI


Frontal Lobe

Previous neuroimaging studies have shown that the right PFC is activated while resolving the response conflict or response inhibition (Garavan et al., 1999; Konishi et al., 1999; Hazeltine et al., 2000). Mayr et al. (2006) found that the BI effect disappeared in patients with right frontal lobe lesions. Additionally, researchers believe that the BI effect reflects the inhibition of irrelevant tasks. The inhibition function is known to be impaired in patients with right frontal lobe lesions, resulting in the disappearance of the BI effect. The findings of Mayr et al. (2006) were consistent with those of Aron et al. (2004), who reported greater task-set interference in right prefrontal patients after a task switch. These studies indirectly proved that the BI effect was related to the inhibitory function of the right prefrontal lobe. By analyzing the Target-P1 at electrodes PO1/PO2, Giller et al. (2019) found that the difference between BI and basic conditions of young people was greater than the elderly group. Also, the source location analysis showed that the activation difference of the rIFG was related to this effect (Giller and Beste, 2019; Giller et al., 2019).

A series of subsequent brain imaging studies showed that the deinhibition ability exhibited by the frontal lobe was not necessarily related to inhibition. For example, Dreher and Berman (2002) asked participants to make different judgments (vowels/consonants, uppercase/lowercase, or before/after the letter M) on colorful letters that were continuously presented every 2.5 s. They found that, compared with the ABC task sequence, the response time of the ABA task sequence was significantly increased, and the right prefrontal lobe evoked greater activation. Dreher and Berman (2002) indicated that the observed activation of the right prefrontal lobe did not reflect inhibition itself but a response to the residual of inhibition, especially to overcome the residual inhibition of recently inhibited tasks, i.e., deinhibition. In addition, Dreher and Berman (2002) also found that there was no interaction between this effect and motor initiation; thus, overcoming the residual inhibition of recently completed tasks was not dependent on the previous motor response, which proved that the lateral PFC mainly played a role in overcoming the inhibition of the cognitive level rather than the inhibition of the motor level (Dreher and Berman, 2002).

In addition, activation of the pre-supplementary motor area (pre-SMA) located in the frontal lobe was also found to be related to the magnitude of the BI effect. Picazio et al. (2020) used the continuous theta burst stimulation (cTBS) to stimulate the right pre-SMA of the healthy participants and observed a disappearance of the BI effect in the verbal BI task. The target stimulus in this task were animal words, and the participants were instructed to complete three distinct tasks (A: two or four legs; B: small or large animal; C: with or without tail). Notably, the stimulation on pre-SMA did not make speedy the response of the ABA sequence but significantly slowed the response of the CBA sequence. Therefore, further studies are required to verify the role of pre-SMA in deinhibition.



Parietal Lobe

Although the parietal cortex is known to play an important role in inhibitory control and cognitive flexibility (Hedden and Gabrieli, 2010; Fedorenko et al., 2013; Tang et al., 2016; Tschentscher et al., 2017; Hartung et al., 2021), the role of the parietal cortex in BI is unclear. Sdoia et al. (2020) used transcranial direct current stimulation (tDCS) to stimulate the prefrontal or parietal area and assessed the potential ability of deinhibition reflected as the N-2 task repetition cost. In the frontal stimulation condition, the anode was placed over the right dorsolateral prefrontal cortex (F4 according to 10–20 EEG International System), whereas the cathode electrode was placed over the left dorsolateral prefrontal cortex (F3). In the parietal stimulation condition, the anode was placed over the right parietal site corresponding to P4 and the cathode electrode over P3. Participants were instructed to perform three numerical judgment tasks (A: odd number vs. even number; B: small number vs. large number; C: near vs. far from 5). The results showed that the stimulation of the prefrontal and parietal cortex resulted in a faster response time to the ABA sequence, indicating the improved ability of deinhibition. However, there was no change in the BI effect when only the prefrontal lobe was stimulated. Sdoia et al. (2020) observed improved performance of the CBA sequence, indicating that the stimulation of the prefrontal lobe not only improved the ability of deinhibition but also improved the ability to switch tasks. When only the parietal cortex was stimulated, the BI effect disappeared due to the fact that the performance of the CBA sequence remained unchanged. Therefore, when stimulating the parietal cortex, it did not change the performance of task switching but specifically improved the ability of deinhibition. This study demonstrated that the parietal cortex, other than the frontal cortex, played a specific role in deinhibition.

The findings of Sdoia et al. (2020) were obviously different from that of Dreher and Berman (2002). The discrepancy of the conclusion could be due to the methodological differences, such as stimuli and experimental procedure between these two studies (Sdoia et al., 2020).



Other Brain Areas

Given the close functional connection between the frontal lobe and the cerebellum (Picazio and Koch, 2015; Bostan and Strick, 2018). Picazio et al. (2020) found that when TBS was applied to the right or left cerebellum, the reaction time of the ABA sequence was accelerated, indicating that the cerebellum had a specific contribution to the process of detecting the position of a single event in the task sequence since the BI effect was observed in the triple task and involved the recognition of the sequence of tasks. The cerebellum played a role by recognizing the repetitive elements in the sequence and making the necessary efforts to prepare the deinhibition of the N-2 task. Interestingly, the cerebellar network is known to be closely related to cognitive flexibility. Studies have shown that it is difficult for patients with cerebellar damage to give up previous correct representations that interfere with the current task (Thach, 1996; De Bartolo et al., 2009; Steffener et al., 2016). Therefore, in the BI task, the cerebellum recognized the necessary sequence, which helped avoid past interference.

The deinhibition also activated the occipital cortex and the left subtemporal area (Cohen et al., 2000). The left subtemporal activation is consistent with the visual area activated by the letter string (Cohen et al., 2000). The activation of these brain regions could reflect the deinhibition at the perceptual level. In other words, if a perceptual feature (e.g., color) related to the task in trial N-2 was inhibited after the task in trial N-1 was completed, the inhibition of this feature continued in the subsequent trial N, increasing the difficulty of performing the same task again.

Moreover, some studies have demonstrated the role of the basal ganglia (BG) in deinhibition (Fales et al., 2006; Markett et al., 2011; Whitmer and Banich, 2012). Fales et al. (2006) found that patients with Parkinson’s disease, which was predominantly BG dysfunction, had abnormal BI effects. Markett et al. (2011) found that the polymorphism of the DRD2 gene could be used to predict an individual’s BI effect, and the DRD2 gene affected the density of D2 receptors in BG (Stelzel et al., 2010). However, Whitmer and Banich (2012) found that participants with high BI scores had greater activation in the basal ganglia (BG) and pre-SMA during task switching than participants with low BI scores. This showed that these brain regions were related to the ability to inhibit the previous task. Parkinson’s disease is also known to affect the function of brain regions other than BG (Fales et al., 2006). Participants with a higher BI score had a stronger BG activation during task switching, which indicated that the inhibition during task switching was connected to deinhibition after switching, and this connection was mainly reflected in BG. However, the specific role of BG in BI condition or deinhibition is still unclear.




ELECTROPHYSIOLOGICAL CORRELATES OF BI

Several studies on task switching have firmly established the role of both proactive and reactive control in task switching (Braver et al., 2007; Kiesel et al., 2010; Braver, 2012). Proactive control mainly includes the related process of task preparation. In behavior researches, it can be manipulated by changing the amount of information and preparation interval (the interval between cue and stimulus) of cues. Reactive control aimed to optimize target processing by minimizing the impact of carryover interference (e.g., backward interference, positive or negative priming) and post-target interference (e.g., irrelevant character priming). Usually, in the task-switching studies, the event-related potentials (ERP) could distinguish the neural activity of the cue-locked and the target-locked process so that it can directly measure the proactive and reactive control in task switching (Grange and Houghton, 2014) and then answer the question regarding whether BI required a proactive control or a reactive control.


BI Effect in Cue Processing

In the cued task-switching paradigm, participants could prepare for the upcoming task through the presented cues; thus, the proactive control process was reflected by the cue-locked ERP component. The most consistent finding was a relatively positive deflection for task switch compared with task repeat trials, and the switching positivity was maximal over the central and parietal scalp and peaked around 400–600 ms post-cue (Karayanidis et al., 2003; Kieffaber and Hetrick, 2005; Nicholson et al., 2005; Swainson et al., 2006). The switching positivity represents some type of “context updating” or updating of mental representation of the current environment (Donchin, 1981; Verleger et al., 2005; Polich, 2007). Sinai et al. (2007) initially investigated the ERPs correlates of the BI effect. They asked participants to make semantic task judgments on words based on different cues: living or non-living, large or small (relative to a human toddler), or situational task judgments: font color (i.e., words were presented in a red or yellow font for the color task) and screen location (i.e., words were presented at the top or bottom of the screen for the position task). They found that when re-executing the recently inhibited episodic task (high interference), the electrodes on the frontal-central region of the scalp induced a larger positive wave that was similar to P3b under low-interference (i.e., episodic interference) BI conditions, and no cue-induced BI effect was found under high interference conditions. This study showed that the adjustment of the BI effect by proactive control in cue processing was affected by the intensity of interference. When the interference was small (i.e., the need for deinhibition is small), the BI effect was observed in the cue-P3.

When the simpler stimuli and shortened cue-stimulus interval (CSI) were used, the BI effect in the cue processing stage appeared in an earlier time window (Giller and Beste, 2019; Giller et al., 2019, 2020) than that of Sinai et al. (2007). Giller and Beste (2019) found that for young adults, the cue-P1 amplitude was smaller in BI conditions than in the base condition over the parietal sites, whereas for the elderly group, who had a larger BI effect in behavior performance, such cue-P1 effect was not observed. They suggested that the amplitude of cue-P1 reflected the filtration of the relevant stimulus features in the task-related network and the process of inhibiting task-irrelevant information (Klimesch, 2011; Wolff et al., 2017). Thus, in the early classification of incoming sensory information, it was necessary to inhibit task-irrelevant information through inhibition control (Wolff et al., 2018; Giller et al., 2019). The elderly adults had insufficient inhibition control and failed to show the BI effect in cue-P1, which could be one of the reasons for the larger BI effect in behavior.

In addition, Zhang et al. (2016a) found that the presentation of reward reduced the latency of cue-P1 and reduced the BI effect, indicating that the attention process reflected in N1 started earlier in the reward group than the control group. Rewards played a role in the process of cue processing, which promoted the preparation of a task, thereby reducing the BI effect. Zhang et al. (2016b) also found that participants who showed a greater BI effect (poor deinhibition ability) had greater cue-N1 amplitude at the parietal electrode than those with a smaller BI effect. Giller et al. (2019) found similar results in the adolescent group. Adolescents showed a greater BI effect in behavior performance and a greater cue-N1 amplitude than adults, which indicated that for participants with greater BI effects, it was more laborious to refocus on tasks that had been inhibited.

Thus, the appearance of the BI effect in the cue-locked ERP was determined by the stimulus material and the length of the CSI. When the stimulus was simpler, and the CSI was shorter, the BI effect appeared in an earlier time window, with a smaller P1 component in BI condition than base conditions; and for participants with a larger BI effect, it led to a larger N1 amplitude, indicating that it was more laborious to refocus on the recently inhibited tasks. In contrast, when the stimulus was more complex, and the CSI was longer, the BI effect appeared in the later time window (i.e., P3), and the BI condition induced greater P3 amplitudes than the base condition.



BI Effect in Target Processing

In the study of task switching, the target-locked ERPs evoked by the switch trials were characterized by a larger central N2 component over the frontal sites and a decreased P3 over the central-to-parietal sites. Even under the conditions of sufficient preparation and practice (Whitson et al., 2012), the switch costs still appeared (Karayanidis et al., 2011), which mainly manifested as the larger N2 and smaller P3 in the switch trial (Poulsen et al., 2005; Kopp et al., 2020). Studies on BI found that when the CSI was extended, the BI effect decreased, but when it was reduced to a certain level, it did not change. Therefore, even if the cues were fully processed and the task was adequately prepared, the cost of deinhibition could not be completely eliminated (Mayr and Keele, 2000; Astle et al., 2012), indicating that in addition to proactive control, reactive control also played an important role in the process of overcoming the BI effect.

Until now, only one lab has investigated the target-locked ERPs under short CSI conditions, and no researchers have investigated these ERPs under long CSI conditions. When the CSI was short, the processing of the target also included the proactive control of cue processing. Giller et al. (2019, 2020) found that when the cue was not fully processed, the BI effect was first reflected in the early components, such as the positive waves over the parietal sites and negative waves over the frontal-to-central sites during 100–200 ms after the target presentation (Zhang et al., 2016b,2017; Giller and Beste, 2019; Giller et al., 2019). Under the ABA sequence, in trial N-1, the inhibition of the executed task of trial N-2 was regarded as a blocking effect (Giller and Beste, 2019). The inhibition or overcoming of the blocking effect could reduce the interference of BI and thus could successfully overcome the BI effect and could better respond to the recently inhibited task. Therefore, when reacting to the target, stronger inhibition was required under BI conditions to inhibit the blocking effect produced in trial N-1, which was associated with a larger parietal P1 that was considered to reflect the process of inhibiting irrelevant information in the early stimulus classification process (Klimesch, 2011). Source location analysis found that the activity of the right lower frontal gyrus (rIFG/BA47) was related to the above-mentioned P1-blocking effect (Dippel and Beste, 2015; Stock et al., 2016; Bodmer and Beste, 2017; Giller and Beste, 2019). The developmental studies on the BI effect found that, for adults and adolescents, over the posterior parietal sites, the BI condition evoked a larger target-P1 than the base condition, whereas there was no such BI effect in the P1 amplitude for elderly adults (Giller and Beste, 2019; Giller et al., 2020). This finding shows that the elderly could not inhibit the blocking effect by strengthening the inhibitory gating mechanism.

Following the P1 component, a larger N1 was elicited under the BI condition than the base condition (Zhang et al., 2016a,b, 2017; Giller et al., 2019). N1 in the parietal cortex of the brain was thought to reflect attention control, such as concentration on task-related stimuli (Eimer, 1994; Hillyard et al., 1994; Lange, 2012; Marzecová et al., 2017). Participants who showed a larger BI effect in behavioral performance also showed the difference in target-N1 amplitude between BI and base conditions over the parietal sites (Zhang et al., 2016b). These participants had an increased N1 under BI conditions than under base conditions, whereas the smaller BI effect group had no such BI effect in target-N1. Source location analysis found that the BI effect in target-N1 amplitude was associated with the activity of the right parietal lobe, including the temporal-parietal junction, the left cuneiform lingual gyrus, and the parahippocampal gyrus. These brain areas have been shown to be involved in attention modulation and selective attention (Luck et al., 1997; Reynolds and Desimone, 1999; Munneke et al., 2011). Therefore, participants with larger BI effects in behavior performance had reduced ability to re-allocate attention resources to inhibited tasks than the group with a smaller BI effect. It is necessary to note that the group difference in the BI effect was mainly caused by the difference in the base conditions, while the difference in the BI conditions seemed to be non-significant (Zhang et al., 2016b). Thus further studies are required to verify this finding.

BI effect is also reflected in the reaction selection process that is associated with N2/P3 components. Wolff et al. (2018) found that about 500 ms after target presentation, the parietal P3 amplitude in BI condition is smaller than that of base condition and is preceded by a larger N2 (about 350 ms) in BI condition. This ERP result is very similar to the switch-negativity that is associated with reactive control in task switching (Gajewski et al., 2010; Kopp et al., 2020). The switch-negativity in N2/P3 components has been interpreted by the increased difficulty in the decision-making process that is due to the task-irrelevant interference or conflict (Poulsen et al., 2005; Kopp et al., 2020). However, in other ERP studies on BI effects, the seemingly opposite result has been obtained (Zhang et al., 2017; Giller and Beste, 2019; Giller et al., 2020). In addition, Giller et al. (2020) found that the R-cluster, which is considered to reflect the execution process of response, exhibits a higher amplitude in base conditions than BI conditions. The higher amplitude in the base condition may reflect stronger action promotion because there was no inhibition needs to be overcome under the base condition (CBA).

In brief, the extant studies showed that when there is sufficient preparation time to process the cues, there will be a larger switch-positivity in the cue-P3 under BI condition than in the base condition. When the preparation time is short, the difference between BI conditions and base conditions is reflected in the early ERP components (such as P1/N1) post-target presentation, reflecting the early re-allocation of attention and the gating mechanism of inhibition (Zhang et al., 2016a; Giller and Beste, 2019). Some ERP studies support the existence of an obligatory reconfiguration process under the condition of a short CSI; switch-positivity will appear 150–200 ms after the target presentation (Karayanidis et al., 2003; Nicholson et al., 2005). Therefore, in the above-mentioned studies with a short CSI, the BI effect in target-P1 might be due to the forced reconfiguration.




CONCEPTUAL DEFINITION AND THEORETICAL ACCOUNTS

Although researchers have adopted the term “BI” in the past decades, in our opinion, it is inappropriate to call BI when we check the relevant operational definition and measurement methods. As shown in Figure 1, according to the task switching reconfiguration theory proposed initially by Rogers and Monsell (1995), trial N-1 (task B) in ABA can produce an inhibition of trial N-2 (task A), which can last until the current trial N (task A). However, compared with the task B in trial N-1, task A in trial N is a switching trial. Thus, it will be necessary to inhibit the previous task setting and activate the current task setting (Monsell, 2003), that is, to activate task A and inhibit task B. Therefore, in the current trial of ABA sequence, there will be a deinhibition process (i.e., to overcome the residual inhibition of task A), a reactivation of task A, and the inhibition of task B. The potential interrelations between these cognitive processes remain unclear and will be addressed in the future studies. In fact, some researchers have pointed out that in BI research, most of the investigations are deinhibition, not the inhibition of previous stimuli (Mayr and Keele, 2000; Dreher and Berman, 2002; Fales et al., 2006; Giller and Beste, 2019; Picazio et al., 2020). Therefore, the so-called BI reflects the process of removing residual inhibition and reflects the ability of deinhibition. Since most researchers are accustomed to using BI, we also use it in this article, but it should be noted that most of the researchers actually have investigated the process of deinhibition. The concept of deinhibition used in this article comes from biophysical literature (Toselli et al., 1999; Wray et al., 2011; Miao et al., 2019) and the psychiatry studies (Paholpak et al., 2016; Allen and Hallquist, 2020). Taken together, deinhibition refers to the process of removal of or overcoming residual inhibition that is usually named BI effect. Since deinhibition is closely linked to BI, so in the following paragraphs, we would not distinguish them if not necessary.
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FIGURE 1. The illustration of the sub-process in the ABA (BI) and CBA (base) condition. Inhibiting A(C) means that both the task A and C should be inhibited when performing task B, while task A needs more inhibition than task C. Inhibiting A (in gray color) means the residual inhibition of task A.


There are three main theoretical explanations of BI: task setting inertia theory, connection theory, and representational conflict theory. The theory of task setting inertia originated from the discovery of asymmetrical switch costs (Allport et al., 1994). Asymmetrical switch costs refer to the fact that when the participant switches between two tasks of different difficulty, the switch cost of a simple task is greater than that of a difficult task. Asymmetrical switch costs mean that there is proactive interference: task settings will still exist for a period of time after execution, which will affect the switch cost. Accordingly, Allport et al. (1994) proposed the task setting inertia theory, emphasizing the inhibition process during task switching. The reliable evidence for this theory comes from the N-2 repetition cost (Mayr and Keele, 2000; Koch et al., 2010). According to the theory of inertia, the preceding tasks need to be inhibited when switching tasks, especially the tasks that have just been executed need stronger inhibition. This inhibition will continue until a period of time after the completion of the new task. During this duration, if the previously inhibited task should be performed again, participants need to overcome the residual inhibition, which will incur costs.

In the connectionist model, the information that guides the current action is thought to be encoded by densely connected “neuron clusters” (Dehaene and Changeux, 1989) that can maintain performance without external stimuli. Therefore, the control settings tend to remain active for a long time. Connection theory emphasizes bottom-up influence and emphasizes the role of episodic retrieval and connection learning while ignoring the important role of cognitive control in task switching (Abrahamse et al., 2016; Schmidt and Liefooghe, 2016). Grange et al. (2017) extended the study of Mayr (2002) and proved that most of the N-2 task repetition cost could be explained by the non-inhibition process, which supports the episodic retrieval in the connection theory. This episodic retrieval view believes that the cues, target characteristics, and response choices of the task being performed are bound into a single representation and stored in episodic memory. When this task is prompted again, the most recent traces of this task will be automatically retrieved from the episodic memory (Logan, 1988, 2002; Sinai et al., 2007). If the parameters of the current trial are different from the retrieved episodic memory, mismatch costs will occur. According to the episodic retrieval view, if the memory of “not respond to task A” interferes with the current task requirement of “respond to task A,” then context conflict will occur. Therefore, the mismatch of memory trace between task A of trial N and task A of trial N-2 can explain the cost to a large extent (Grange et al., 2017; Grange, 2018).

Sexton and Cooper (2017) proposed a cognitive computational model of BI, which combined the cognitive model of task switching and the cognitive model of conflict monitoring. It is demonstrated that BI is a direct result of conflicts between multiple task representations. This model maps the responses of all tasks to the same set of response buttons. The strength of bottom-up processing in the model can be reflected in the connection weight. For example, compared with the weaker color-naming task, the more advantageous word reading task has a stronger connection weight in the Stroop task. The model makes a clear behavioral prediction of the differential effect of the BI effect. That is, compared with the easy-hard-easy task sequence, there will be a greater BI effect in the hard-easy-hard task sequence. This model argues that BI automatically reduces the interference between multiple tasks, thereby reducing or eliminating deliberate control that needs attention in certain situations and ultimately promotes task control.

Pashler (1984) used the overlapping task paradigm to prove that there is a “bottleneck effect” in cognitive processing. In this paradigm, the subjects were required to respond separately to two distinct overlapping stimuli (SI and S2), with significantly increased RT to both S1 and S2 compared to perform the same task alone. Bottleneck effect refers to the fact that there are certain stages of processing (constituting a bottleneck) that cannot be performed simultaneously on more than one input, and each task that involves the bottleneck must be performed in a specific sequence. BI may also be a possible manifestation of the bottleneck effect, where the parallel cognitive processes of inhibiting task A and activating task A can make the performance of the ABA worse. Dehaene et al. (2003) proposed a neuronal network model based on the “bottleneck effect” to explain the theory of the competitive mental activity. The model assumes that when sensory stimuli enter the global neuronal workspace, it can effectively mobilize the various excitatory neurons with long-distance axons. The neurons that were temporarily mobilized can inhibit other surrounding workspace neurons, which thus become unavailable for processing the other stimuli (Dehaene and Changeux, 2005). From this model, we can hypothesize that in the BI condition, when mobilizing neurons that can inhibit task A, neurons that perform task A will also be inhibited, thereby resulting in N-2 repetition costs. Zylberberg et al. (2010) conducted a computer simulation based on the “bottleneck effect”, further demonstrating that when faced with the dual-task stimuli, neural networks can exhibit parallel processing at the sensory levels and a functional serial bottleneck at the response selection level, whereas the sensory information is held in a memory buffer (Zylberberg et al., 2011). In ABA condition, the inhibition of task A will be in a memory buffer, and when re-reacting to task A, it will have a significant worse performance due to the functional serial bottleneck.

In addition to the above theoretical viewpoints, there are also debates about whether BI is proactive control or reactive control. Some researchers believe that BI is reactive control driven by conflicts between tasks (Koch et al., 2010). However, in recent years, some studies have raised questions about this view, suggesting that BI may be proactive control. Costa and Friedrich (2012) used univalent stimuli and univalent responses to control the conflict between the stimulus level and the response level and tested whether the generation of inhibition must be based on conflict resolution. In this case, if N-2 repetition costs are not found, it means that the inhibition is caused by the conflict resolution process; if N-2 repetition costs are found, it means that the inhibition is caused by leaving the old task to prepare for the new task. The results show that using univalent stimuli and univalent responses still found significant inhibition, indicating that the conflict between the stimuli level and the response level is not a necessary prerequisite for causing inhibition. Deviating from the old task and preparing for the new task can trigger inhibition; that is, BI occurs at the task setting level, which is a kind of proactive control, not reactive control. Gade and Koch (2014) found that there is an inhibitory preparation effect in both abstract and textual cues; that is, N-2 repetition costs decrease with the increase of preparation time, which shows that the inhibition, in this case, is top-down processing.

Finally, we can look at the generation of the cost of deinhibition from the perspective of brain learning. Under hierarchical models of perception, it is necessary to optimize the relative precision of empirical priors and sensory evidence (Kass and Steffey, 1989; Friston, 2009). Neurobiologically, this corresponds to synaptic gain control of the sort invoked for attention. This optimization is crucial for inference. Mechanistically, the role of cholinergic neurotransmission in modulating post-synaptic gain fits comfortably with its role in attention. Therefore, attention might not be the selection of sensory channels but an emergent property of prediction, where high-precision prediction-errors enjoy greater gain (Friston, 2005, 2009). Mehta (2001) pointed out that a critical task of the nervous system is to learn causal relationships between stimuli to anticipate events in the future. Friston et al. (2016) emphasizes a process theory based on active inference and belief propagation, assuming that all neuronal processing (and behavioral choices) can be explained by maximizing Bayesian model evidence. Active inference enables predictions based on the current task state by assuming behavior. Thus, this allows one to define behavior as achieving optimistic predictions dictated by prior preferences (Friston et al., 2014). Expectation states occur frequently as the brain learns to reinforce inhibitory responses to specific stimuli, and actions ensure that prior expectations (stop responding) are met. In the context of task switching, the brain knows in advance which tasks will be faced. When one task is completed, the brain predicts that the probability of another task appearing in the next trial may be greater than that of the task already performed, so that the optimization of task preparation can be achieved by amplifying the expectation of another task by suppressing the executed task. In the case of three tasks, this active inference may be more obvious. For example, the first two trials are tasks A and B, and the brain may expect that the probability of task C will be significantly higher in the next trial. While this expectation is rationally unfounded, the brain does, making it more difficult to respond to task A when it occurs unexpectedly. As found in the findings from the studies on oddball (i.e., unexpected items), both the frontal and occipital lobes of the brain were generally observed to be highly activated when unanticipated and rare stimuli were presented (Brazdil et al., 2007; Hooi et al., 2018), which is overlapped with regions of brain activation found during deinhibition (Dreher and Berman, 2002; Picazio et al., 2020; Sdoia et al., 2020).



CONCLUSION AND FUTURE DIRECTIONS

This article reviews the research paradigm, development characteristic, neural mechanism, and the related theories of the BI effect. After summarizing the previous research paradigms and theoretical models involved in BI, first of all, we believe that the cognitive component reflected by the BI effect is deinhibition, rather than the intensity of inhibition mentioned in previous studies. Therefore, in the future, researchers using the concept of BI should pay attention to distinguishing these two connected but functionally different cognitive processes. Second, existing studies have found that the ability of deinhibition is the same as cognitive control. The ability of deinhibition also shows a development process from weak to strong and then declines, but there is still controversy about the development conclusion of its neural mechanism. In the study of brain imaging, the conclusions on the specific brain regions involved in the deinhibition process are still relatively vague. The frontal lobe, parietal lobe, basal ganglia, cerebellum, and other brain areas are activated during the deinhibition process, but there is no definite conclusion. A number of ERP studies have clarified that both the proactive control and response control will work together on the deinhibition process. The deinhibition process occurs from the early stage of attention, and it induces a larger P1/N1 component, indicating that it is more difficult to refocus on tasks that have been inhibited recently, and it also affects the P3b amplitude of the response selection process, the gradual decrease of P3b is consistent with the increasing difficulty of the decision-making process. After systematically summarizing the electrophysiological processes involved in deinhibition, it can be concluded that deinhibition is mainly produced in the early stage of attention processing and the process of response selection. Future research in this field can be explored in the following directions.


Separate BI and Deinhibition

BI and deinhibition are two concepts that are often indistinguishably used. Although the two are closely related, from the point of view of where it happened, BI stems from the lateral inhibition in trial N-1, while deinhibition occurred in the trial N, which is the removal of the residual inhibition from trial N-1. Therefore, from the perspective of sequence position, these two cognitive processes are separable.

In most of the extant studies, the BI and deinhibition processes are studied through three tasks (Mayr and Keele, 2000; Giller et al., 2019). Specifically, the BI effect involves the interaction of trial N-2 and trial N-1 and its influence on trial N (Zhang et al., 2016a,b; Sdoia et al., 2020). When switching back to the most recently inhibited task (ABA) after an intermediate task B, the execution cost is higher than the trial N-1 without inhibition (CBA). This cost is the cost of deinhibition. Therefore, in the three-task paradigm, although BI is focused by many investigators, it is deinhibition other than BI that is measured. Whitmer and Banich (2012) have attempted to separate BI and deinhibition. They divided the participants into high and low groups based on the size of the BI effect, then examined the brain activation during the task switch trials. The results showed that the high BI group had more significant activation in the BG and supplementary motor cortex than the low BI group. Whitmer and Banich (2012) indicated that these areas might be associated with the BI process. This conclusion is simply an indirect inference of BI, not a conclusion drawn from a direct measurement of BI. Future research is suggested to manipulate the inhibitory strength of trial N-1 or manipulate the interference or extent of the intention of overcoming inhibition in the trial N to effectively separate BI and deinhibition. For example, A, B, C are three different tasks with increasing difficulty. According to the studies of switching cost asymmetry (Allport et al., 1994; Gilbert and Shallice, 2002; Yeung and Monsell, 2003), it can be expected that the cost of switching from task B to task A will be greater than the cost of switching from task B to task C. This cost asymmetry has been explained that, a task set remains active even when the task execution is over. Participants must maintain strong inhibition to overcome interference from the easier task when performing the difficult task and such inhibition should be carried over to the succeeding trials, which results in a larger switch cost in switching from the difficult task to the easier task. Accordingly, the inhibition in the process of switching from task B to task A will be greater than that of switching from B to C. As shown in Figure 2, the RT difference between BA and AA might be larger than the RT difference between BC and CC. Because the strength of inhibition was different, the subsequent deinhibition should also be different, that is, the difference in RT between BAB and CAB might be greater than the difference in RT between BCB and ACB. In short, inhibition and deinhibition can be preliminarily separated by comparing the various sequences composed of the various tasks with different difficulty.
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FIGURE 2. Illustration of the disassociation between inhibition and deinhibition in task sequence with three different tasks of increasing difficulty. The letter with the smallest size indicates that a particular task is easiest, while the letter with largest size indicates that it is the most difficulty one.




Reveal the Specific Process of Deinhibition

Although studies have shown that both proactive control and reactive control play a role in the deinhibition process, it is still unclear which type of control plays a dominant role. In addition, existing ERP studies have found that the inhibition gating mechanism (P1) and the attention selection mechanism (N1) play an important role in the process of deinhibition. It should be noted that, except for the study of Sinai et al. (2007), the P1 in the other ERP studies mentioned above are all results obtained in a paradigm in which cue and target appear almost simultaneously (Koch et al., 2004). Since the target and the cue are presented almost at the same time (only 100 ms of CSI), it remains unclear whether the target-P1 is completely caused by the targets or is also affected by the preceding cues. Related studies have also found that conflict monitoring plays an important role in the process of deinhibition (Zhang et al., 2017; Giller et al., 2019). But these conclusions are controversial. For example, a study on the deinhibition ability of adolescents and adults found that the C-cluster N2 amplitude of adolescents is smaller under BI conditions than the base condition, but adults do not show this result (Sinai et al., 2007; Giller et al., 2019). In other studies, it has been found that the N2 amplitude of adults under BI conditions will be significantly smaller than the base conditions (Zhang et al., 2016a,2017). Therefore, more experiments are needed to reveal the specific sub-processes, such as conflict monitoring in deinhibition.



Distinguish the Brain Basis of BI and That of Deinhibition

With respect to the brain areas involved in deinhibition, the main finding is that the process of deinhibition locates in the right lateral frontal lobe, cerebellum, and parietal lobe (Dreher and Berman, 2002; Fales et al., 2006; Picazio et al., 2020; Sdoia et al., 2020). However, the materials used in these studies are different, and the results are also inconsistent. For example, Dreher and Berman (2002) used the letter judgment task and found that the right lateral prefrontal lobe played a unique role in deinhibition, while Sdoia et al. (2020) used the number judgment task and found the main brain activation in the parietal cortex. In the study of Sdoia et al. (2020), task conflict occurs at the level of stimulus and response. That is, each task uses the same set of response keys, and the stimulus can trigger all possible tasks. Therefore, it is unclear whether the role of the parietal cortex is related to stimulus processing or response selection in overcoming persistent inhibition. Future research can also explore the different effects of prefrontal and parietal tDCS on the stimulus-related and response-related effects of task inhibition. In addition, whether the cerebellum does play a role in the process of deinhibition, or just to recognize the sequence, also requires further studies.



Explore the Individual Differences in the Ability of Deinhibition

Research on the development of BI has revealed the group or individual differences in BI and its neural mechanisms. So far, few researchers have investigated the differences in BI among individuals of the same age group. Whitmer and Banich (2012) divided participants into high and low groups based on the size of the BI effect, but they did not report specific behavioral results. Zhang et al. (2016b) also did an individual analysis, but they found that the RT of the base condition is longer for the smaller BI group than for that of the larger BI group, which seemed to indicate that people with stronger deinhibition ability were less flexible when switching tasks. Obviously, this inference may be wrong. Future research needs to confirm whether individuals with different sizes of BI effect processed differently for the task switching trials and further reveal whether these two groups have significant differences in other components of cognitive control such as response inhibition, flexibility, and updating.

It is necessary to note that the ability of deinhibition has been termed one kind of cognitive flexibility, sequential cognitive flexibility (Wolff et al., 2018; Giller and Beste, 2019; Giller et al., 2019), whereas no study has been devoted to specifying the differences between deinhibition and the flexibility in switching from one task to another task. Switch cost is a typical index in measuring the cognitive flexibility in task switching (Monsell, 2003; Philipp and Koch, 2005; Zhuo et al., 2021a,b; Chen, 2022), it can be calculated by subtracting the mean reaction time (or error rate) of the repeat trials from that of the switch trials (Allport et al., 1994; Monsell, 2003; Philipp et al., 2008). Most recently, Chen (2022) conducted a correlation study by comparing the RT cost in a cued switching task and the deinhibition ability in a stop-signal task. They found that these two abilities positively correlated with each other. Future research should directly address this issue in the same paradigm, BI task, to explore whether the individuals who have smaller switch cost in switching from task A to B also have higher ability in deinhibition.




AUTHOR CONTRIBUTIONS

JC: primary writing. SW: translation. FL: review and editing. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by National Natural Science Foundation of China (grant nos. 31760285 and 31860278) and Jiangxi Postgraduate Innovation Fund (YC2021-S288).


ABBREVIATIONS

BI, backward inhibition; RT, reaction time; PFC, prefrontal cortex; rIFG, right inferior frontal gyrus; Pre-SMA, pre-supplementary motor area; BG, basal ganglia; TBS, theta-burst stimulation; tDCS, transcranial direct current stimulation; PD, Parkinson’s disease; OCD, obsessive-compulsive disorder; ERP, event-related potential; CSI, cue-stimulus interval.


REFERENCES

Abrahamse, E., Braem, S., Notebaert, W., and Verguts, T. (2016). Grounding cognitive control in associative learning. Psychol. Bull. 142, 693–728. doi: 10.1037/bul0000047

Allen, T. A., and Hallquist, M. N. (2020). Disinhibition and detachment in adolescence: a developmental cognitive neuroscience perspective on the alternative model for personality disorders. Psychopathology 53, 205–212. doi: 10.1159/000509984

Allport, D. A., Styles, E. A., and Hsieh, S. (1994). “Shifting intentional set: exploring the dynamic control of tasks,” in Attention and Performance 15: Conscious and Nonconscious Information Processing, eds C. Umiltà and M. Moscovitch (Cambridge, MA: The MIT Press), 421–452.

Arbuthnott, K. (2008). The effect of task location and task type on backward inhibition. Mem. Cognit. 36, 534–543. doi: 10.3758/mc.36.3.534

Arbuthnott, K., and Frank, J. (2000). Executive control in set switching: residual switch cost and task-set inhibition. Can. J. Exp. Psychol. 54, 33–41. doi: 10.1037/h0087328

Aron, A. R., Monsell, S., Sahakian, B. J., and Robbins, T. W. (2004). A componential analysis of task-switching deficits associated with lesions of left and right frontal cortex. Brain 127, 1561–1573. doi: 10.1093/brain/awh169

Astle, D. E., Jackson, G. M., and Swainson, R. (2012). Two measures of task-specific inhibition. Q. J. Exp. Psychol. 65, 233–251. doi: 10.1080/17470210903431732

Bodmer, B., and Beste, C. (2017). On the dependence of response inhibition processes on sensory modality. Hum. Brain Mapp. 38, 1941–1951. doi: 10.1002/hbm.23495

Bostan, A. C., and Strick, P. L. (2018). The basal ganglia and the cerebellum: nodes in an integrated network. Nat. Rev. Neurosci. 19, 338–350. doi: 10.1038/s41583-018-0002-7

Braver, T. S. (2012). The variable nature of cognitive control: a dual mechanisms framework. Trends Cogn. Sci. 16, 106–113. doi: 10.1016/j.tics.2011.12.010

Braver, T. S., Gray, J. R., and Burgess, G. C. (2007). “Explaining the many varieties of working memory variation: dual mechanisms of cognitive control,” in Variation in Working Memory, eds A. R. A. Conway, C. Jarrold, M. J. Kane, A. Miyake, and J. N. Towse (New York, NY: Oxford University Press), 76–106. doi: 10.1093/acprof:oso/9780195168648.003.0004

Brazdil, M., Mikl, M., Marecek, R., Krupa, P., and Rektor, I. (2007). Effective connectivity in target stimulus processing: a dynamic causal modeling study of visual oddball. Neuroimage 35, 827–835. doi: 10.1016/j.neuroimage.2006.12.020

Brown, R. G., and Marsden, C. D. (1988). Internal versus external cues and the control of attention in Parkinson’s disease. Brain 111, 323–345. doi: 10.1093/brain/111.2.323

Chamberlain, S. R., Fineberg, N. A., Blackwell, A., Robbins, T. W., and Sahakian, B. (2006). Motor inhibition and cognitive flexibility in obsessive-compulsive disorder and trichotillomania. Am. J. Psychiatry 163, 1282–1284. doi: 10.1176/ajp.2006.163.7.1282

Chen, J. (2022). Do After “not to do”: Deinhibition in Cognitive Control. Master Thesis. Nanchang: Jiangxi Normal University.

Cohen, L., Dehaene, S., Naccache, L., Lehéricy, S., Dehaene-Lambertz, G., Hénaff, M.-A., et al. (2000). The visual word form area: spatial and temporal characterization of an initial stage of reading in normal subjects and posterior split-brain patients. Brain 123, 291–307. doi: 10.1093/brain/123.2.291

Cooray, G., Garrido, M. I., Hyllienmark, L., and Brismar, T. (2014). A mechanistic model of mismatch negativity in the ageing brain. Clin. Neurophysiol. 125, 1774–1782. doi: 10.1016/j.clinph.2014.01.015

Costa, R. E., and Friedrich, F. J. (2012). Inhibition, interference, and conflict in task switching. Psychon. Bull. Rev. 19, 1193–1201. doi: 10.3758/s13423-012-0311-1

Davidson, M. C., Amso, D., Anderson, L. C., and Diamond, A. (2006). Development of cognitive control and executive functions from 4 to 13 years: evidence from manipulations of memory, inhibition, and task switching. Neuropsychologia 44, 2037–2078. doi: 10.1016/j.neuropsychologia.2006.02.006

De Bartolo, P., Mandolesi, L., Federico, F., Foti, F., Cutuli, D., Gelfo, F., et al. (2009). Cerebellar involvement in cognitive flexibility. Neurobiol. Learn. Mem. 92, 310–317. doi: 10.1016/j.nlm.2009.03.008

Dehaene, S., and Changeux, J. P. (1989). A simple model of prefrontal cortex function in delayed-response tasks. J. Cogn. Neurosci. 1, 244–261. doi: 10.1162/jocn.1989.1.3.244

Dehaene, S., and Changeux, J. P. (2005). Ongoing spontaneous activity controls access to consciousness: a neuronal model for inattentional blindness. PLoS. Biol. 3:e141. doi: 10.1371/journal.pbio.0030141

Dehaene, S., Sergent, C., and Changeux, J. P. (2003). A neuronal network model linking subjective reports and objective physiological data during conscious perception. Proc. Natl. Acad. Sci. 100, 8520–8525. doi: 10.1073/pnas.1332574100

Dippel, G., and Beste, C. (2015). A causal role of the right inferior frontal cortex in implementing strategies for multi-component behaviour. Nat. Commun 6:6587. doi: 10.1038/ncomms7587

Donchin, E. (1981). Surprise! …Surprise? Psychophysiology 18, 493–513. doi: 10.1111/j.1469-8986.1981.tb01815.x

Dreher, J. C., and Berman, K. F. (2002). Fractionating the neural substrate of cognitive control processes. Proc. Natl. Acad. Sci. U.S.A. 99, 14595–14600. doi: 10.1073/pnas.222193299

Eimer, M. (1994). “Sensory gating” as a mechanism for visuospatial orienting: electrophysiological evidence from trial-by-trial cuing experiments. Percept. Psychophys. 55, 667–675. doi: 10.3758/bf03211681

Eriksen, N., Stark, A. K., and Pakkenberg, B. (2009). Age and Parkinson’s disease-related neuronal death in the substantia nigra pars compacta. J. Neural. Transm. 73, 203–213. doi: 10.1007/978-3-211-92660-4_16

Fales, C. L., Vanek, Z. F., and Knowlton, B. J. (2006). Backward inhibition in Parkinson’s disease. Neuropsychologia 44, 1041–1049. doi: 10.1016/j.neuropsychologia.2005.11.002

Fedorenko, E., Duncan, J., and Kanwisher, N. (2013). Broad domain generality in focal regions of frontal and parietal cortex. Proc. Natl. Acad. Sci. U.S.A. 110, 16616–16621. doi: 10.1073/pnas.1315235110

Foti, F., Sdoia, S., Menghini, D., Mandolesi, L., Vicari, S., Ferlazzo, F., et al. (2015a). Are the deficits in navigational abilities present in the Williams syndrome related to deficits in the backward inhibition? Front. Psychol. 6:287. doi: 10.3389/fpsyg.2015.00287

Foti, F., Sdoia, S., Menghini, D., Vicari, S., Petrosini, L., and Ferlazzo, F. (2015b). Out with the old and in with the new—is backward inhibition a domain-specific process? PLoS One 10:e0142613. doi: 10.1371/journal.pone.0142613

Friston, K. (2005). A theory of cortical responses. Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 360, 815–836. doi: 10.1098/rstb.2005.1622

Friston, K. (2009). The free-energy principle: a rough guide to the brain? Trends Cogn. Sci. 13, 293–301. doi: 10.1016/j.tics.2009.04.005

Friston, K., FitzGerald, T., Rigoli, F., Schwartenbeck, P., and Pezzulo, G. (2016). Active inference: a process theory. Neural Comput. 29, 1–49. doi: 10.1162/neco_a_00912

Friston, K., Schwartenbeck, P., FitzGerald, T., Moutoussis, M., Behrens, T., and Dolan, R. J. (2014). The anatomy of choice: dopamine and decision-making. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:20130481.

Gade, M., and Koch, I. (2014). Cue type affects preparatory influences on task inhibition. Acta Psychol. (Amst.) 148, 12–18. doi: 10.1016/j.actpsy.2013.12.009

Gajewski, P. D., Kleinsorge, T., and Falkenstein, M. (2010). Electrophysiological correlates of residual switch costs. Cortex 46, 1138–1148. doi: 10.1016/j.cortex.2009.07.014

Garavan, H., Ross, T. J., and Stein, E. (1999). Right hemispheric dominance of inhibitory control: an event-related functional MRI study. Proc. Natl. Acad. Sci. U.S.A. 96, 8301–8306. doi: 10.1073/pnas.96.14.8301

Gilbert, S. J., and Shallice, T. (2002). Task switching: a PDP model. Cogn. Psychol. 44, 297–337. doi: 10.1006/cogp.2001.0770

Giller, F., and Beste, C. (2019). Effects of aging on sequential cognitive flexibility are associated with fronto-parietal processing deficits. Brain Struct. Funct. 224, 2343–2355. doi: 10.1007/s00429-019-01910-z

Giller, F., Muckschel, M., Ziemssen, T., and Beste, C. (2020). A possible role of the norepinephrine system during sequential cognitive flexibility-evidence from EEG and pupil diameter data. Cortex 128, 22–34. doi: 10.1016/j.cortex.2020.03.008

Giller, F., Zhang, R., Roessner, V., and Beste, C. (2019). The neurophysiological basis of developmental changes during sequential cognitive flexibility between adolescents and adults. Hum. Brain Mapp. 40, 552–565. doi: 10.1002/hbm.24394

Grady, C. L. (2008). Cognitive neuroscience of aging. Ann. N. Y. Acad. Sci. 1124, 127–144. doi: 10.1196/annals.1440.009

Grange, J. A. (2018). Does task activation in task switching influence inhibition or episodic interference? Exp. Psychol. 65, 393–404. doi: 10.1027/1618-3169/a000423

Grange, J. A., and Houghton, G. (2009). Temporal cue–target overlap is not essential for backward inhibition in task switching. Q. J. Exp. Psychol. 62, 2068–2079. doi: 10.1080/17470210802696096

Grange, J. A., and Houghton, G. (2010). Heightened conflict in cue-target translation increases backward inhibition in set switching. J. Exp. Psychol. Learn. Mem. Cogn. 36, 1003–1009. doi: 10.1037/a0019129

Grange, J. A., and Houghton, G. (2014). Task Switching and Cognitive Control. New York, NY: Oxford University Press.

Grange, J. A., and Juvina, I. (2015). The effect of practice on n-2 repetition costs in set switching. Acta Psychol. (Amst.) 154, 14–25. doi: 10.1016/j.actpsy.2014.11.003

Grange, J. A., Kowalczyk, A. W., and O’loughlin, R. (2017). The effect of episodic retrieval on inhibition in task switching. J. Exp. Psychol. Hum. Percept. Perform. 43, 1568–1583. doi: 10.1037/xhp0000411

Greenberg, J., Reiner, K., and Meiran, N. (2013). “Off with the old”: mindfulness practice improves backward inhibition. Front. Psychol 3:618. doi: 10.3389/fpsyg.2012.00618

Gul, A., Yousaf, J., and Ahmad, H. (2017). Frontal-subcortical defects correlate with task switching deficits in Parkinson’s disease. Neurosciences 22, 224–227. doi: 10.17712/nsj.2017.3.20160572

Hartung, S. L., Mandonnet, E., Hamer, P. D., Klein, M., Wager, M., Rech, F., et al. (2021). Impaired set-shifting from dorsal stream disconnection: insights from a European series of right parietal lower-grade glioma resection. Cancers (Basel) 13:3337. doi: 10.3390/cancers13133337

Hauser, T. U., Iannaccone, R., Walitza, S., Brandeis, D., and Brem, S. (2015). Cognitive flexibility in adolescence: Neural and behavioral mechanisms of reward prediction error processing in adaptive decision making during development. NeuroImage 104, 347–354. doi: 10.1016/j.neuroimage.2014.09.018

Hazeltine, E., Poldrack, R., and Gabrieli, J. (2000). Neural activation during response competition. J. Cogn. Neurosci. 12(Suppl. 2), 118–129. doi: 10.1162/089892900563984

Hedden, T., and Gabrieli, J. D. E. (2010). Shared and selective neural correlates of inhibition, facilitation, and shifting processes during executive control. NeuroImage 51, 421–431. doi: 10.1016/j.neuroimage.2010.01.089

Hillyard, S., Luck, S., and Mangun, G. (1994). “The cuing of attention to visual field locations: analysis with ERP recordings,” in Cognitive Electrophysiology, eds H. J. Heinze, T. F. Münte, and G. R. Mangun (Boston, MA: Birkhäuser), 1–25. doi: 10.1152/jn.1993.70.3.909

Hooi, L. S., Nisar, H., Thee, K. W., and Yap, V. V. (2018). A novel method for tracking and analysis of EEG activation across brain lobes. Biomed. Signal Process. Control 40, 488–504. doi: 10.1016/j.bspc.2017.06.017

Hu, S. E., Ide, J. S., Chao, H. H., Castagna, B., Fischer, K. A., Zhang, S., et al. (2018). Structural and functional cerebral bases of diminished inhibitory control during healthy aging. Hum. Brain Mapp. 39, 5085–5096. doi: 10.1002/hbm.24347

Jost, K., Hennecke, V., and Koch, I. (2017). Task dominance determines backward inhibition in task switching. Front. Psychol. 8:755. doi: 10.3389/fpsyg.2017.00755

Karayanidis, F., Coltheart, M., Michie, P., and Murphy, K. (2003). Electrophysiological correlates of anticipatory and poststimulus components of task switching. Psychophysiology 40, 329–348. doi: 10.1111/1469-8986.00037

Karayanidis, F., Provost, A., Brown, S., Paton, B., and Heathcote, A. (2011). Switch-specific and general preparation map onto different ERP components in a task-switching paradigm. Psychophysiology 48, 559–568. doi: 10.1111/j.1469-8986.2010.01115.x

Kass, R. E., and Steffey, D. (1989). Approximate Bayesian inference in conditionally independent hierarchical models (parametric empirical Bayes models). J. Am. Stat. Assoc. 407, 717–726.

Kieffaber, P. D., and Hetrick, W. P. (2005). Event-related potential correlates of task switching and switch costs. Psychophysiology 42, 56–71. doi: 10.1111/j.1469-8986.2005.00262.x

Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A. M., et al. (2010). Control and interference in task switching-a review. Psychol. Bull. 136, 849–874. doi: 10.1037/a0019842

Kleerekooper, I., Van Rooij, S. J. H., Van Den Wildenberg, W. P. M., De Leeuw, M., Kahn, R. S., and Vink, M. (2016). The effect of aging on fronto-striatal reactive and proactive inhibitory control. NeuroImage 132, 51–58. doi: 10.1016/j.neuroimage.2016.02.031

Klimesch, W. (2011). Evoked alpha and early access to the knowledge system: the P1 inhibition timing hypothesis. Brain Res. 1408, 52–71. doi: 10.1016/j.brainres.2011.06.003

Koch, I., Gade, M., and Philipp, A. M. (2004). Inhibition of response mode in task switching. Exp. Psychol. 51, 52–58. doi: 10.1027/1618-3169.51.1.52

Koch, I., Gade, M., Schuch, S., and Philipp, A. M. (2010). The role of inhibition in task switching: a review. Psychon. Bull. Rev. 17, 1–14. doi: 10.3758/PBR.17.1.1

Konishi, S., Nakajima, K., Uchida, I., Kikyo, H., Kameyama, M., and Miyashita, Y. (1999). Common inhibitory mechanism in human inferior prefrontal cortex revealed by event-related functional MRI. Brain 122, 981–991. doi: 10.1093/brain/122.5.981

Kopp, B., Steinke, A., and Visalli, A. (2020). Cognitive flexibility and N2/P3 event-related brain potentials. Sci. Rep. 10:9859. doi: 10.1038/s41598-020-66781-5

Kowalczyk, A. W., and Grange, J. A. (2017). Inhibition in task switching: the reliability of the n-2 repetition cost. Q. J. Exp. Psychol. 70, 2419–2433. doi: 10.1080/17470218.2016.1239750

Kowalczyk, A. W., and Grange, J. A. (2020). The effect of episodic retrieval on inhibition in task switching: a diffusion model analysis. Psychol. Res. Psychol. Forsch. 84, 1965–1999. doi: 10.1007/s00426-019-01206-1

Lange, K. (2012). The N1 effect of temporal attention is independent of sound location and intensity: implications for possible mechanisms of temporal attention. Psychophysiology 49, 1636–1648. doi: 10.1111/j.1469-8986.2012.01460.x

Lawo, V., Philipp, A. M., Schuch, S., and Koch, I. (2012). The role of task preparation and task inhibition in age-related task-switching deficits. Psychol. Aging 27, 1130–1137. doi: 10.1037/a0027455

Lehto, J. E., Juujarvi, P., Kooistra, L., and Pulkkinen, L. (2003). Dimensions of executive functioning: evidence from children. Br. J. Dev. Psychol. 21, 59–80. doi: 10.1348/026151003321164627

Li, K. Z., and Dupuis, K. (2008). Attentional switching in the sequential flanker task: age, location, and time course effects. Acta Psychol. (Amst.) 127, 416–427. doi: 10.1016/j.actpsy.2007.08.006

Lien, M. C., and Ruthruff, E. (2008). Inhibition of task set: converging evidence from task choice in the voluntary task-switching paradigm. Psychon. Bull. Rev. 15, 1111–1116. doi: 10.3758/pbr.15.6.1111

Logan, G. D. (1988). Automaticity, resources, and memory: theoretical controversies and practical implications. Hum. Factors 30, 583–598. doi: 10.1177/001872088803000504

Logan, G. D. (2002). An instance theory of attention and memory. Psychol. Rev. 109, 376–400. doi: 10.1037//0033-295x.109.2.376

Luck, S. J., Chelazzi, L., Hillyard, S. A., and Desimone, R. (1997). Neural mechanisms of spatial selective attention in areas V1, V2, and V4 of macaque visual cortex. J. Neurophysiol. 77, 24–42. doi: 10.1152/jn.1997.77.1.24

Markett, S., Montag, C., Walter, N., Plieger, T., and Reuter, M. (2011). On the molecular genetics of flexibility: The case of task-switching, inhibitory control and genetic variants. Cogn. Affect. Behav. Neurosci. 11, 644–651. doi: 10.3758/s13415-011-0058-6

Martínez-Esparza, I. C., Olivares-Olivares, P. J., Rosa-Alcázar, Á, Rosa-Alcázar, A. I., and Storch, E. A. (2021). Executive functioning and clinical variables in patients with obsessive-compulsive disorder. Brain Sci. 11:267. doi: 10.3390/brainsci11020267

Marzecová, A., Widmann, A., Sanmiguel, I., Kotz, S. A., and Schröger, E. (2017). Interrelation of attention and prediction in visual processing: effects of task-relevance and stimulus probability. Biol. Psychol. 125, 76–90. doi: 10.1016/j.biopsycho.2017.02.009

Mayr, U. (2001). Age differences in the selection of mental sets: the role of inhibition, stimulus ambiguity, and response-set overlap. Psychol. Aging 16, 96–109. doi: 10.1037/0882-7974.16.1.96

Mayr, U. (2002). Inhibition of action rules. Psychon. Bull. Rev 9, 93–99. doi: 10.3758/BF03196261

Mayr, U. (2007). “Inhibition of task sets,” in Inhibition in Cognition, eds D. S. Gorfein and C. M. MacLeod (Washington, DC: American Psychological Association), 27–44. doi: 10.1037/11587-002

Mayr, U., Diedrichsen, J., Ivry, R., and Keele, S. W. (2006). Dissociating task-set selection from task-set inhibition in the prefrontal cortex. J. Cogn. Neurosci. 18, 14–21. doi: 10.1162/089892906775250085

Mayr, U., and Keele, S. W. (2000). Changing internal constraints on action: the role of backward inhibition. J. Exp. Psychol. Gen. 129, 4–26. doi: 10.1037/0096-3445.129.1.4

Mehta, M. R. (2001). Neuronal dynamics of predictive coding. Neuroscientist 7, 490–495.

Meiran, N., Friedman, G., and Yehene, E. (2004). Parkinson’s disease is associated with goal setting deficits during task switching. Brain Cogn. 54, 260–262. doi: 10.1016/j.bandc.2004.02.043

Miao, L. L., Chi, S., Wu, M. R., Liu, Z. P., and Li, Y. (2019). Deregulation of phytoene–carotene synthase results in derepression of astaxanthin synthesis at high glucose concentration in Phaffia rhodozyma astaxanthin-overproducing strain MK19. BMC Microbiol. 19:133. doi: 10.1186/s12866-019-1507-6

Monsell, S. (2003). Task switching. Trends Cogn. Sci. 7, 134–140. doi: 10.1016/S1364-6613(03)00028-7

Munneke, J., Heslenfeld, D. J., Usrey, W. M., Theeuwes, J., and Mangun, G. R. (2011). Preparatory effects of distractor suppression: evidence from visual cortex. PLoS One 6:e27700. doi: 10.1371/journal.pone.0027700

Nicholson, R., Karayanidis, F., Poboka, D., Heathcote, A., and Michie, P. T. (2005). Electrophysiological correlates of anticipatory task-switching processes. Psychophysiology 42, 540–554. doi: 10.1111/j.1469-8986.2005.00350.x

Paholpak, P., Carr, A. R., Barsuglia, J. P., Barrows, R. J., Jimenez, E., Lee, G. J., et al. (2016). Person-based versus generalized impulsivity disinhibition in frontotemporal dementia and alzheimer disease. J. Geriatr. Psychiatry Neurol. 29, 344–351. doi: 10.1177/0891988716666377

Pashler, H. (1984). Processing stages in overlapping tasks: evidence for a central bottleneck. J. Exp. Psychol. Hum. Percept. Perform. 10, 358–377. doi: 10.1037/0096-1523.10.3.358

Philipp, A. M., Kalinich, C., Koch, I., and Schubotz, R. I. (2008). Mixing costs and switch costs when switching stimulus dimensions in serial predictions. Psychol. Res. Psychol. Forsch. 72, 405–414. doi: 10.1007/s00426-008-0150-x

Philipp, A. M., and Koch, I. (2005). Switching of response modalities. Q. J. Exp. Psychol. Sect. A. Hum. Exp. Psychol. 58, 1325–1338. doi: 10.1080/02724980443000656

Picazio, S., Foti, F., Oliveri, M., Koch, G., Petrosini, L., Ferlazzo, F., et al. (2020). Out with the old and in with the new: the contribution of prefrontal and cerebellar areas to backward inhibition. Cerebellum 19, 426–436. doi: 10.1007/s12311-020-01115-9

Picazio, S., and Koch, G. (2015). Is motor inhibition mediated by cerebello-cortical interactions? Cerebellum 14, 47–49. doi: 10.1007/s12311-014-0609-9

Polich, J. (2007). Updating P300: an integrative theory of P3a and P3b. Clin. Neurophysiol. 118, 2128–2148. doi: 10.1016/j.clinph.2007.04.019

Poulsen, C., Luu, P., Davey, C., and Tucker, D. M. (2005). Dynamics of task sets: evidence from dense-array event-related potentials. Brain Res. Cogn. Brain Res. 24, 133–154. doi: 10.1016/j.cogbrainres.2005.01.008

Regev, S., and Meiran, N. (2017). Cue response dissociates inhibitory processes: task identity information is related to backward inhibition but not to competitor rule suppression. Psychol. Res. 81, 168–181. doi: 10.1007/s00426-015-0742-1

Reynolds, J. H., and Desimone, R. (1999). The role of neural mechanisms of attention in solving the binding problem. Neuron 24, 19–29, 111–125. doi: 10.1016/s0896-6273(00)80819-3

Rogers, R. D., and Monsell, S. (1995). Costs of a predictable switch between simple cognitive tasks. J. Exp. Psychol. Gen. 124, 207–231. doi: 10.1037/0096-3445.124.2.207

Rosa-Alcázar, Á, Olivares-Olivares, P. J., Martínez-Esparza, I. C., Parada-Navas, J. L., Rosa-Alcázar, A. I., and Olivares-Rodríguez, J. (2020). Cognitive flexibility and response inhibition in patients with obsessive-compulsive disorder and generalized anxiety disorder. Int. J. Clin. Health Psychol. 20, 20–28. doi: 10.1016/j.ijchp.2019.07.006

Schmidt, J. R., and Liefooghe, B. (2016). Feature integration and task switching: diminished switch costs after controlling for stimulus, response, and cue repetitions. PLoS One 11:e0151188. doi: 10.1371/journal.pone.0151188

Schuch, S. (2016). Task inhibition and response inhibition in older vs. younger adults: a diffusion model analysis. Front. Psychol. 7:1722. doi: 10.3389/fpsyg.2016.01722

Schuch, S., and Grange, J. A. (2015). The effect of N-3 on N-2 repetition costs in task switching. J. Exp. Psychol. Learn. Mem. Cogn. 41, 760–767. doi: 10.1037/xlm0000059

Schuch, S., and Koch, I. (2003). The role of response selection for inhibition of task sets in task shifting. J. Exp. Psychol. Hum. Percept. Perform. 29, 92–105. doi: 10.1037/0096-1523.29.1.92

Sdoia, S., Zivi, P., and Ferlazzo, F. (2020). Anodal tDCS over the right parietal but not frontal cortex enhances the ability to overcome task set inhibition during task switching. PLoS One 15:e0228541. doi: 10.1371/journal.pone.0228541

Segalowitz, S., Santesso, D., and Lackner, C. (2011). “Individual differences in the role of the medial frontal cortex in adolescent self-regulation,” in Proceedings of the 51st Annual Meeting of the Society-of-Psychophysiological-Research, Vol. 48, Boston, MA, S17–S18.

Sexton, N. J., and Cooper, R. P. (2017). Task inhibition, conflict, and the n-2 repetition cost: a combined computational and empirical approach. Cogn. Psychol. 94, 1–25. doi: 10.1016/j.cogpsych.2017.01.003

Simon, N. W., and Moghaddam, B. (2017). Methylphenidate has nonlinear dose effects on cued response inhibition in adults but not adolescents. Brain Res. 1654, 171–176. doi: 10.1016/j.brainres.2016.07.027

Sinai, M., Goffaux, P., and Phillips, N. A. (2007). Cue-locked versus response-locked processes in backward inhibition: evidence from ERPs. Psychophysiology 44, 596–609. doi: 10.1111/j.1469-8986.2007.00527.x

Steffener, J., Gazes, Y., Habeck, C., and Stern, Y. (2016). The indirect effect of age group on switch costs via gray matter volume and task-related brain activity. Front. Aging Neurosci. 8:162. doi: 10.3389/fnagi.2016.00162

Stelzel, C., Basten, U., Montag, C., Reuter, M., and Fiebach, C. J. (2010). Frontostriatal involvement in task switching depends on genetic differences in d2 receptor density. J. Neurosci. 30, 14205–14212. doi: 10.1523/jneurosci.1062-10.2010

Stock, A. K., Popescu, F., Neuhaus, A. H., and Beste, C. (2016). Single-subject prediction of response inhibition behavior by event-related potentials. J. Neurophysiol. 115, 1252–1262. doi: 10.1152/jn.00969.2015

Swainson, R., Jackson, S. R., and Jackson, G. M. (2006). Using advance information in dynamic cognitive control: an ERP study of task-switching. Brain Res. 1105, 61–72. doi: 10.1016/j.brainres.2006.02.027

Tang, X., Pang, J., Nie, Q. Y., Conci, M., Luo, J., and Luo, J. (2016). Probing the cognitive mechanism of mental representational change during chunk decomposition: a parametric fMRI study. Cereb. Cortex 26, 2991–2999. doi: 10.1093/cercor/bhv113

Thach, W. T. (1996). On the specific role of the cerebellum in motor learning and cognition: clues from PET activation and lesion studies in man. Behav. Brain Sci. 19, 411–433. doi: 10.1017/S0140525X00081504

Toselli, M., Tosetti, P., and Taglietti, V. (1999). Kinetic study of N-type calcium current modulation by delta-opioid receptor activation in the mammalian cell line NG108-15. Biophys. J. 76, 2560–2574. doi: 10.1016/s0006-3495(99)77409-6

Tschentscher, N., Mitchell, D., and Duncan, J. (2017). Fluid intelligence predicts novel rule implementation in a distributed frontoparietal control network. J. Neurosci. 37, 4841–4847. doi: 10.1523/jneurosci.2478-16.2017

Uchida, H., Mamo, D. C., Mulsant, B. H., Pollock, B. G., and Kapur, S. (2009). Increased antipsychotic sensitivity in elderly patients: evidence and mechanisms. J. Clin. Psychiatry 70, 397–405. doi: 10.4088/jcp.08r04171

Verleger, R., Jaśkowski, P., and Wascher, E. (2005). Evidence for an integrative role of P3b in linking reaction to perception. J. Psychophysiol. 19, 165–181. doi: 10.1027/0269-8803.19.3.165

Whitmer, A. J., and Banich, M. T. (2012). Brain activity related to the ability to inhibit previous task sets: an fMRI study. Cogn. Affect. Behav. Neurosci. 12, 661–670. doi: 10.3758/s13415-012-0118-6

Whitson, L. R., Karayanidis, F., and Michie, P. T. (2012). Task practice differentially modulates task-switching performance across the adult lifespan. Acta Psychol. (Amst.) 139, 124–136. doi: 10.1016/j.actpsy.2011.09.004

Wolff, N., Giller, F., Buse, J., Roessner, V., and Beste, C. (2018). When repetitive mental sets increase cognitive flexibility in adolescent obsessive-compulsive disorder. J. Child Psychol. Psychiatry 59, 1024–1032. doi: 10.1111/jcpp.12901

Wolff, N., Zink, N., Stock, A.-K., and Beste, C. (2017). On the relevance of the alpha frequency oscillation’s small-world network architecture for cognitive flexibility. Sci. Rep 7:13910. doi: 10.1038/s41598-017-14490-x

Wray, J., Kalkan, T., Gomez-Lopez, S., Eckardt, D., Cook, A., Kemler, R., et al. (2011). Inhibition of glycogen synthase kinase-3 alleviates Tcf3 repression of the pluripotency network and increases embryonic stem cell resistance to differentiation. Nat. Cell Biol. 13, 838–U246. doi: 10.1038/ncb2267

Yeung, N., and Monsell, S. (2003). Switching between tasks of unequal familiarity: the role of stimulus-attribute and response-set selection. J. Exp. Psychol. Hum. Percept. Perform. 29, 455–469. doi: 10.1037/0096-1523.29.2.455

Zhang, R., Stock, A.-K., and Beste, C. (2016a). The neurophysiological basis of reward effects on backward inhibition processes. NeuroImage 142, 163–171. doi: 10.1016/j.neuroimage.2016.05.080

Zhang, R., Stock, A. K., Fischer, R., and Beste, C. (2016b). The system neurophysiological basis of backward inhibition. Brain Struct. Funct. 221, 4575–4587. doi: 10.1007/s00429-016-1186-0

Zhang, R., Stock, A.-K., Rzepus, A., and Beste, C. (2017). Self-regulatory capacities are depleted in a domain-specific manner. Front. Syst. Neurosci. 11:70. doi: 10.3389/fnsys.2017.00070

Zhuo, B., Chen, Y., Zhu, M., Cao, B., and Li, F. (2021a). Response variations can promote the efficiency of task switching: electrophysiological evidence. Neuropsychologia 156:107828. doi: 10.1016/j.neuropsychologia.2021

Zhuo, B., Zhu, M., Cao, B., and Li, F. (2021b). More change in task repetition, less cost in task switching: behavioral and event-related potential evidence. Eur. J. Neurosci. 53, 2553–2566. doi: 10.1111/ejn.15113

Zylberberg, A., Dehaene, S., Roelfsema, P. R., and Sigman, M. (2011). The human turing machine: a neural framework for mental programs. Trends Cogn. Sci. 15, 293–300. doi: 10.1016/j.tics.2011.05.007

Zylberberg, A., Fernández Slezak, D., Roelfsema, P. R., Dehaene, S., and Sigman, M. (2010). The brain’s router: a cortical network model of serial processing in the primate brain. PLoS Comput. Biol. 6:e1000765. doi: 10.1371/journal.pcbi.1000765


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Chen, Wu and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cognitive Neural Mechanism of Backward Inhibition and Deinhibition: A Review



		INTRODUCTION



		EXPERIMENTAL PARADIGMS



		Perceptual Dimension Switching Task



		Movement Direction Switching Tasks



		Semantic Dimension Switching Task



		Modality Switching Task







		DEVELOPMENT OF BI AND IMPAIRMENT IN PATIENTS



		Adolescents Versus Adults



		Adults Versus Elderly



		Impairment of BI in Patients







		BRAIN AREAS ASSOCIATED WITH BI



		Frontal Lobe



		Parietal Lobe



		Other Brain Areas







		ELECTROPHYSIOLOGICAL CORRELATES OF BI



		BI Effect in Cue Processing



		BI Effect in Target Processing







		CONCEPTUAL DEFINITION AND THEORETICAL ACCOUNTS



		CONCLUSION AND FUTURE DIRECTIONS



		Separate BI and Deinhibition



		Reveal the Specific Process of Deinhibition



		Distinguish the Brain Basis of BI and That of Deinhibition



		Explore the Individual Differences in the Ability of Deinhibition







		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/fnbeh-16-846369-g002.jpg
C-aB
|

Deinhibition

|
B-T«-B

Inhibition

|
A-A-B

A-CB
BT
B-C-]|3
i
C-(Ij-B






OPS/images/fnbeh-16-846369-g001.jpg
Trial N-2 Trial N-1 Trial N

Inhibiting A(C)—> Inhibiting A<—Deinhibition ' ABA
Activate A
Inhibiting B

Inhibiting C(A) —> Inhibiting C  Activate A CBA
Inhibiting B





OPS/images/cover.jpg
& frontiers | Frontiers in Behavioral Neuroscience

Cognitive Neural Mechanism
of Backward Inhibition
and Deinhibition: A Review









OPS/images/logo.jpg
’ frontiers ‘ Frontiers in Behavioral Neuroscience





