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Failures of sustained attention, including lapses and mind-wandering, have serious consequences on cognitive task performance. In recent years, real-time triggering methods have been used to isolate periods of optimal and suboptimal attention based on patterns of response times in monotonous continuous performance tasks. In a closed-loop fashion, these triggering designs reduce the need for retrospective processing to identify periods of poor attention by using simple intrasubject response time boundaries to trigger events based on inferred attentional state. In the current review, we first discuss studies that used principal component analysis to identify response patterns that precede both task errors and phenomenological reports of mind-wandering. Then, we review designs that used real-time triggering conditions to reinforce the relationship between lapsing and memory encoding. Finally, we describe important next steps to generalize the utility of the triggering procedure across populations, validate lapse countermeasures, and shine light on the limited human capacity to maintain vigilance.
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1 Introduction

When sustaining attention for prolonged periods, performance often fluctuates between good and bad states. Bad states are often labeled as mind-wandering or lapses (Fortenbaugh et al., 2017; Smallwood and Schooler, 2013). Lapses are studied in terms of their content (Stawarczyk et al., 2011; Banks et al., 2016), downstream effects on memory (DeBettencourt et al., 2019; Blondé et al., 2022), and in-the-moment consequences for other perceptual and cognitive phenomena (e.g., Zhang et al., 2024). Understanding attentional lapses is important in human factors and engineering psychology because of the need to reduce workplace risks through validated countermeasures (e.g., Yanko and Spalek, 2014).

Sustained attention lapses are often studied using continuous performance tasks (CPTs), which require subjects to respond to a rare target (e.g., Psychomotor Vigilance Task; Dinges and Powell, 1985). However, because the design of typical CPTs requires rare responses to infrequent target events, the resulting behavioral indices only provide an intermittent, non-continuous, measurement of state and cannot track states prior to critical events, such as errors. A new class of CPTs that requires responses on all (e.g., ANTI-Vea; Luna et al., 2018) or most (e.g., gradCPT; Esterman et al., 2013) trials instead allows for finer-grained measurement of small-scale fluctuations in response patterns over time. A well-established exemplar of these tasks is the Sustained Attention to Response Task (SART; Robertson et al., 1997), which requires monotonous responding (i.e., keypresses) to frequent non-target stimuli. At rare moments, an infrequent target is presented and it requires either no response or a different keypress. Participants inhibit their prepotent response and choose the correct response. Errors on infrequent trials are considered to be a behavioral marker of lapsing attention, impulsive responding, or a strategy that favors speed over accuracy (McVay and Kane, 2009; Robertson et al., 1997; Seli et al., 2013; Helton, 2009). Additionally, high response time (RT) variability indicates a state of poor attentional control and has been linked to trait-level attention deficits (Castellanos et al., 2006; Vaurio et al., 2009).

These types of CPTs are a valuable methodological tool because they require continual responding over the course of the task. RTs for both frequent and infrequent trials provide insight into the participant's cognitive state as they fluctuate between optimal and suboptimal responding (Esterman et al., 2013). Fluctuations can be analyzed using post-hoc methods that look back at periods of responding and characterize them as “in the zone” or “zoning out” based on RT variability. Recent work shows that clinically-relevant individual difference metrics such as one's maximal attention span can be derived from this retrospective approach (Simon et al., 2023). However, in the past few years, RT-based real-time triggering procedures that are adaptive to individual subjects and do not require post-hoc methods to delineate attentional states have successfully anticipated lapsing attention in a closed-loop fashion. Additionally, these methods can predict lapses without neurophysiological instruments and can inform the design of tasks that test relationships between attentional states and other psychological phenomena.

In this mini-review, we first discuss CPT studies that retrospectively assess RT patterns that coincide with particular attentional states. We then review papers using real-time, closed-loop RT tracking methodologies to provide convergent evidence for a relationship between lapsing attention, phenomenological state, and impaired memory encoding. Finally, we discuss the importance of testing the sensitivity of individual differences to real-time triggering designs and evaluating attentional lapse countermeasures. We preface this review by noting that a state of mind-wandering may not necessarily be the same as an attentional failure. Moments of “bad attention” may not always mean that one is engaged in task-unrelated thinking (Van den Driessche et al., 2017). However, since both mind-wandering and attentional failures implicate goal-oriented behavior and task performance, we use the umbrella term “lapse.” Discriminating mind-wandering from attentional failures is an important future direction, but it is beyond the present scope (Unsworth et al., 2021).



2 Response time patterns coincident with changes in attentional state

Patterns of fast responding precede errors on the SART (Larue et al., 2010). Temporally contiguous trials (i.e., windows) with relatively fast RTs may represent an inattentive, unaware state induced by monotonous responding. However, it is unclear whether RTs are reliable predictors of the subjective experience of mind-wandering or other consequences of lapsing. Smallwood et al. (2008b) administered the SART to a small sample of undergraduate students (n = 22) and used principal components analysis (PCA) to identify different patterns of responding preceding both errors and self-reported task-unrelated thoughts (TUTs). TUTs are a common operationalization of mind-wandering in the literature (Seli et al., 2018a,b; but see Christoff et al., 2018). Smallwood et al. defined TUTs with awareness as “tune outs” and those without awareness as “zone outs,” where the latter is more detrimental to performance than the former (Schooler et al., 2011; Smallwood et al., 2007). Of the three factors that emerged from their analysis, accelerating responses (speeding) seemed to predict both errors and zone outs (see also Marcusson-Clavertz et al., 2012). This suggests that fast RT windows are a promising unobtrusive marker of suboptimal attention, specifically a state of task-unrelated thinking without awareness.

Two limitations of Smallwood et al. (2008b)'s study were its small sample size and the use of unstandardized within-participant RTs. To address these limitations, McVay and Kane (2012) conducted a retrospective analysis on SART data from a larger amalgamated dataset (n = 386) to test whether speeding RTs could serve as an objective marker of mind-wandering. Speeding predicted errors on the SART, but did not consistently predict TUTs. Especially slow RTs compared to intrasubject RT averages predicted on-task reports, suggesting that slow, controlled responding could be a valid RT marker for a focused state. Their thought sampling procedure, however, did not gauge TUT awareness. Instead, participants classified their thoughts into discrete categories: the task, task performance, everyday stuff, current state of being, personal worries, daydreams, or other. The first option was classified as on-task, the second as task-related interference, and all others as TUTs (Kane et al., 2021). These results suggest that slow RT windows may represent a state of good attention, but do not corroborate prior findings that fast windows reflect mind-wandering.

McVay and Kane (2012) results may have diverged from Smallwood et al. (2008b) because they did not examine the thought quality of awareness. More recent work has addressed this issue by administering the SART with intermittent probes with 6-point Likert scales indexing task-relatedness and awareness of thoughts (Polychroni et al., 2020). The observed RT patterns did not predict attentional state, although slowing predicted less awareness of on-task states and an oscillation from fast-to-slow-to-fast responding predicted less awareness of TUTs.

In summary, the investigation into response time patterns and their relationship with attentional states has yielded mixed results. Initial findings suggested that fast response times could serve as an indicator of mind-wandering, specifically when participants were unaware of their thoughts; however, subsequent research failed to replicate this pattern.



3 Real-time triggering designs with response times

Instead of the post-hoc approach on data from whole samples, custom procedures that incorporate moment-by-moment RT fluctuations within each individual may be a more viable technique to capture shifts in attentional states and mind-wandering episodes. Researchers have designed simple tasks that calculate patterns in RT in real-time to trigger events that assess phenomenological or behavioral markers of lapsing attention. In this section, we discuss four empirical articles that used triggering procedures in CPTs to successfully foresee lapses. These methods usually rely on simple mathematical formulas that can be executed on a trial-by-trial basis in real time.

One early triggering study modified a reading task to mimic a CPT by requiring participants to press the spacebar after reading each word from a passage (Franklin et al., 2011). The presentation of thought probes was triggered when participants were going relatively fast (lapsing) or slow (attentive). Fast triggers occurred when a preceding ten-trial RT window average dipped below 55% of the cumulative average, and slow triggers occurred when the ten-trial RT average was between 130 and 175% of the cumulative average. This scheme was advantageous because it used custom, intrasubject bounds to calculate and update triggering conditions during the task. The results showed that the algorithm successfully anticipated episodes of mind-wandering and also predicted poorer performance on a reading comprehension posttest. As a subsequent step, RT in a non-probed sample was examined to infer mind-wandering rates based on their algorithm's predictions. Fast RT windows predicted worse test performance, validating the procedure's utility in circumventing the need for attentional state self-reports. This study serves as the first closed-loop paradigm that used RT in a CPT to predict both reportable TUTs and impairment in memory encoding, which is a widely documented consequence of lapsing attention (Mooneyham and Schooler, 2013; Blondé et al., 2022).

Where Franklin et al. (2011) used the closed-loop approach within the context of a reading task, Henríquez et al. (2016) used a real-time triggering procedure within a SART. The target/non-target discrimination in the SART is typically easy and the monotony of the task induces periods of inattention. Thought probes were triggered whenever a single RT exceeded two standard deviations from the mean of the participant's last five RTs. Participants were then prompted to report whether they were focused on the task or not. The findings revealed that extreme slowing between the fourth and fifth RT in the preceding window predicted TUTs. While this generally deviates from the RT window approach proposed by other studies reviewed here (i.e., Smallwood et al., 2008b; Franklin et al., 2011), it highlights the potential of using variability within a narrow RT window to anticipate mind-wandering (Jalava and Wammes, 2024).

Studying the phenomenological experience of mind-wandering via thought sampling has been fruitful for identifying antecedents of poor performance (Smallwood and Schooler, 2015). However, the thought sampling protocol is constrained by introspective accuracy and may be tainted by extraneous factors (e.g., Polychroni et al., 2024). Behavioral markers predicting attentional lapses may serve as an elegant method to study its repercussions. One marker is perceptual decoupling—a reduction of sensory processing from one's external environment. For instance, stimulus-evoked event-related potentials (ERPs) can be reduced during errors and prior to TUT reports, suggesting that these behavioral and subjective markers of lapsing attention represent similar cognitive states because they coincide with similar patterns of brain activity (Smallwood et al., 2008a). Perceptual decoupling has been further explored, revealing that periods of mind-wandering co-occur with a broader decrease in processing for all external stimuli regardless of relevance (Barron et al., 2011) and spontaneous changes in pupil size (Smallwood et al., 2011). Decoupling explains many of the consequences of absorptive mind-wandering on learning (Szpunar et al., 2013) and task performance (Baird et al., 2014). If perceptual input is compromised, then information is not available in one's mental workspace to encode and manipulate. This implies that a critical consequence of TUTs is that cognitive processes responsible for encoding and manipulating internal representations (e.g., working memory) may be impaired due to transient perceptual decoupling during CPTs.

Consistent with the conjecture that transient perceptual decoupling impairs processes responsible for storing and manipulating internal representations, the next studies that we review define lapsing attention as impaired memory encoding. DeBettencourt et al. (2019) used a paradigm that interleaved a SART with a working memory task. For the SART aspect of the paradigm, subjects pressed one key if an array of shapes were all squares and another key if they were all circles. One shape appeared more frequently than the other, promoting habitual responding to the frequent shape. Critically, each shape in a given array was a unique color. For the working memory aspect of the paradigm, subjects responded to occasional triggered events where subjects saw 3x3 arrays of colors at each shape location and clicked the color of the shape that had previously been in that location in the prior SART trial. The authors related sustained attention performance on the SART with accuracy on the working memory report using a RT-based triggering procedure to provide evidence that attention and working memory lapse together. Their triggering procedure, which used RTs from the SART, initialized a cumulative RT per subject in the first 10% trials, then defined ±1 RT standard deviation as upper and lower thresholds to determine especially fast or slow responding periods. The cumulative RT mean and SD were updated from trial-to-trial, and a three-trial RT window average was compared to the slow/fast thresholds to trigger the presentation of the working memory probes (e.g., Figure 1). Periods of especially fast responding preceded poorer performance on working memory trials compared to slow responding, and this was independent of any errors made in the continuous performance aspect of the task. The authors argued that this finding reinforced a causal effect of attention on working memory encoding, which aligns with predictions made based on perceptual decoupling during mind-wandering episodes.


[image: Figure 1]
FIGURE 1
 A schematic of a subject's individual trial RT, moving RT window, fast/slow thresholds, and triggered events in a real-time triggering procedure. The smoothed black line represents the three-trial moving RT average and the light gray line represents unique-trial RTs. When the three-trial window exceeds the slow or fast thresholds (dotted lines), an event is triggered, represented here as a gold dot. Slow-triggered events are considered “good” moments of attention, while fast-triggered events are considered “bad” moments.


In a second study, the triggering procedure was used to examine incidental long-term memory encoding as a function of fast or slow responding on a CPT (DeBettencourt et al., 2018). Subjects classified images in a continuous stream as either indoor or outdoor, with one of the categories being more frequent than the other. Infrequent category scenes required a different keypress and were once again triggered by three-trial RT means being ±1 SD from a subject's cumulative mean. The adaptive triggering design predicted poorer memory performance during a surprise recognition test after the CPT, such that fast responding predicted worse memory encoding when compared to slow responding. This again suggests that attentional state can be inferred based on RT speed, and that this can help predict future decrements in performance. Unlike their previous study with working memory probes, triggered events were always infrequent trials. Since fast triggers are more likely to catch errors, this raises the question of error-related processing explaining degraded encoding rather than lapsing attention (Seli et al., 2013). However, this was ruled out by a control analysis limited to correct infrequent trials showing the same pattern: fast responding preceded scenes that were not recognized in the memory posttest.

When considered together, these studies show that the real-time triggering procedure can effectively capture periods of good and bad attention without requiring post-hoc analyses to characterize attentional fluctuations within a subject. Additionally, three out of four of these studies showed that a separate cognitive task could be integrated into CPTs with triggering procedures to determine the role of vigilance across domains.



4 Discussion

A number of studies in the literature have attempted to identify patterns of RTs in CPTs that provide insight into continuous fluctuations in attentional state. The goal is that these patterns could serve as behavioral markers affording unobtrusive tracking and prediction of lapsing attention and task-unrelated thinking. In this review, we discussed papers that attempted to isolate such RT markers using two different approaches: post-hoc PCA and real-time closed-loop triggering procedures. In studies using the PCA approach, one recurring pattern was “speeding,” such that accelerating RTs preceded both errors and the subjective experience of mind-wandering in a CPT. However, the stability of this pattern as a marker of attentional state is somewhat unclear because replication attempts using larger samples and refined methodologies were unsuccessful. In contrast, the studies reviewed here using the real-time closed-loop procedures showed that RT speed of successive CPT trials provide an in-the-moment comparison between good and bad attentional states.

The closed-loop, real-time triggering approach has two key advantages. First, it is an adaptive, within-subjects approach. Second, closed-loop methods can be deployed in-the-moment and the studies that we reviewed here clearly demonstrate that real-time triggering is a viable alternative approach to detecting fluctuations in attentional state. This stands in contrast to previous work that often depends on post-hoc analyses on CPTs to identify periods where a subject is “in the zone” or “zoning out” to test interactions between attentional state and other phenomena (Wakeland-Hart et al., 2022; Decker et al., 2023a,b). Using the triggering method, DeBettencourt et al. (2018, 2019) demonstrated a relationship between lapsing attention and impaired memory encoding. The triggering procedure can be used to assess other issues; for example, researchers have addressed the role of attention in statistical learning, or an unconscious extraction of patterns in one's environment that largely relies on implicit memory systems (Turk-Browne et al., 2005). In the mind-wandering literature, there exists conflicting evidence as to whether implicit learning relies on attentional resources (Franklin et al., 2016; Brosowsky et al., 2021), but Zhang and Rosenberg (2024) used a triggering procedure to elucidate the nuanced interaction between statistical learning and attentional quality.

A critical next step is to test the sensitivity of triggering tasks to individual differences (Smilek et al., 2010) such as impulsivity (Helton, 2009), inhibitory capacity (Evans and Rothbart, 2007), and dispositional mind-wandering (Carriere et al., 2013; Mrazek et al., 2013). Doing so will shed light on the suitability of the custom triggering procedure in capturing lapses within a diverse sample. Encouragingly, DeBettencourt et al. (2019) found that lapses equally impaired memory encoding regardless of individual working memory capacity, suggesting that the method can be used to generalize the consequences of poor attention across populations with different cognitive capabilities. It is also possible that patterns of fast or slow responding may represent different cognitive states for different people.

Another exciting future direction includes coupling the RT triggering with physiological indices such as pupil size (Keene et al., 2022) or measures of brain activity (Kam et al., 2022; Dong et al., 2021; Fortenbaugh et al., 2018) to improve lapse prediction. For example, Groot et al. (2021) triggered the insertion of thought probes in real time based on RT while simultaneously measuring pupillometry, EEG, and fMRI to characterize biological markers that co-occur with task-unrelated thoughts and variable response patterns. Integrating other measures may support control analyses intended to rule out alternative explanations for errors on CPTs (Cheyne et al., 2009). Notably, using some of these other lapse-prediction methods may better map onto real-world scenarios such as driving (Lin et al., 2013) and reading (Hutt et al., 2024, Mills et al., 2021; D'Mello and Mills, 2021; Kuvar et al., 2023). RT-based methods are constrained by the requirement that they are integrated into monotonous CPTs. However, we argue that future theories and applications in sustained attention still may be enhanced through the integration of real-time triggering designs. For example, the study of the vigilance decrement, an observed decline in performance over time (Thomson et al., 2015; Warm et al., 2008), can be significantly advanced through this method because the task dynamically responds to fluctuations in RT. Experimental results might therefore offer a nuanced perspective on the temporal dynamics of attention. The severity of perceptual decoupling may steadily increase alongside the vigilance decrement, but may only be captured by speeding RTs during transient periods of poor control.

The real-time triggering approach allows researchers to not only detect when attention starts to wane, but also when to intervene, potentially mitigating the deleterious effects of lapses (e.g., Roberts et al., 2024). By setting thresholds for RTs that trigger cognitive or behavioral prompts, the efficacy of various interventions aimed at restoring attentional focus can be tested directly (Al-Shargie et al., 2019). The method offers a dynamic and responsive framework to study and counteract attentional failures, assaying high-stakes environments—such as driving, security monitoring, or medical screening—where lapses can lead to catastrophe.



Author contributions

SS: Conceptualization, Investigation, Visualization, Writing – original draft, Writing – review & editing. JS: Supervision, Writing – review & editing. BG: Funding acquisition, Supervision, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. SS was supported by a National Science Foundation Graduate Research Fellowship under Grant No. 2139319. This work was supported by the Institute for Collaborative Biotechnologies through contract W911NF-19-2-0026 from the U.S. Army Research Office. The content of the information does not necessarily reflect the position or the policy of the Government, and no official endorsement should be inferred.



Acknowledgments

The authors would like to thank Henri Etel Skinner for valuable discussion during the synthesis of the manuscript.



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.



References

 Al-Shargie, F., Tariq, U., Mir, H., Alawar, H., Babiloni, F., and Al-Nashash, H. (2019). Vigilance decrement and enhancement techniques: a review. Brain Sci. 9:178. doi: 10.3390/brainsci9080178

 Baird, B., Smallwood, J., Lutz, A., and Schooler, J. W. (2014). The decoupled mind: mind-wandering disrupts cortical phase-locking to perceptual events. J. Cogn. Neurosci. 26, 2596–2607. doi: 10.1162/jocn_a_00656

 Banks, J. B., Welhaf, M. S., Hood, A. V. B., Boals, A., and Tartar, J. L. (2016). Examining the role of emotional valence of mind wandering: all mind wandering is not equal. Conscious. Cogn. 43, 167–176. doi: 10.1016/j.concog.2016.06.003

 Barron, E., Riby, L. M., Greer, J., and Smallwood, J. (2011). Absorbed in thought: the effect of mind wandering on the processing of relevant and irrelevant events. Psychol. Sci. 22, 596–601. doi: 10.1177/0956797611404083

 Blondé, P., Girardeau, J.-C., Sperduti, M., and Piolino, P. (2022). A wandering mind is a forgetful mind: a systematic review on the influence of mind wandering on episodic memory encoding. Neurosci. Biobehav. Rev. 132, 774–792. doi: 10.1016/j.neubiorev.2021.11.015

 Brosowsky, N. P., Murray, S., Schooler, J. W., and Seli, P. (2021). Attention need not always apply: mind wandering impedes explicit but not implicit sequence learning. Cognition 209:104530. doi: 10.1016/j.cognition.2020.104530

 Carriere, J. S. A., Seli, P., and Smilek, D. (2013). Wandering in both mind and body: individual differences in mind wandering and inattention predict fidgeting. Can. J. Exp. Psychol. 67, 19–31. doi: 10.1037/a0031438

 Castellanos, F. X., Sonuga-Barke, E. J. S., Milham, M. P., and Tannock, R. (2006). Characterizing cognition in ADHD: beyond executive dysfunction. Trends Cogn. Sci. 10, 117–123. doi: 10.1016/j.tics.2006.01.011

 Cheyne, J., Solman, G. J. F., Carriere, J. S. A., and Smilek, D. (2009). Anatomy of an error: a bidirectional state model of task engagement/disengagement and attention-related errors. Cognition 111, 98–113. doi: 10.1016/j.cognition.2008.12.009

 Christoff, K., Mills, C., Andrews-Hanna, J. R., Irving, Z. C., Thompson, E., Fox, K. C. R., et al. (2018). Mind-wandering as a scientific concept: cutting through the definitional haze. Trends Cogn. Sci. 22, 957–959. doi: 10.1016/j.tics.2018.07.004

 DeBettencourt, M. T., Keene, P. A., Awh, E., and Vogel, E. K. (2019). Real-time triggering reveals concurrent lapses of attention and working memory. Nat. Hum. Behav. 3, 808–816. doi: 10.1038/s41562-019-0606-6

 DeBettencourt, M. T., Norman, K. A., and Turk-Browne, N. B. (2018). Forgetting from lapses of sustained attention. Psychon. Bullet. Rev. 25, 605–611. doi: 10.3758/s13423-017-1309-5

 Decker, A., Dubois, M., Duncan, K., and Finn, A. S. (2023b). Pay attention and you might miss it: greater learning during attentional lapses. Psychon. Bullet. Rev. 30, 1041–1052. doi: 10.3758/s13423-022-02226-6

 Decker, A. L., Duncan, K., and Finn, A. S. (2023a). Fluctuations in sustained attention explain moment-to-moment shifts in children's memory formation. Psychol. Sci. 34, 1377–1389. doi: 10.1177/09567976231206767

 Dinges, D. F., and Powell, J. W. (1985). Microcomputer analyses of performance on a portable, simple visual RT task during sustained operations. Behav. Res. Methods Instr. Comput. 17, 652–655. doi: 10.3758/BF03200977

 D'Mello, S. K., and Mills, C. S. (2021). Mind wandering during reading: an interdisciplinary and integrative review of psychological, computing, and intervention research and theory. Lang. Linguist. Compass 15:e12412. doi: 10.1111/lnc3.12412

 Dong, H. W., Mills, C., Knight, R. T., and Kam, J. W. Y. (2021). Detection of mind wandering using EEG: within and across individuals. PLoS ONE 16:e0251490. doi: 10.1371/journal.pone.0251490

 Esterman, M., Noonan, S. K., Rosenberg, M., and Degutis, J. (2013). In the zone or zoning out? Tracking behavioral and neural fluctuations during sustained attention. Cerebr. Cortex 23, 2712–2723. doi: 10.1093/cercor/bhs261

 Evans, D. E., and Rothbart, M. K. (2007). Developing a model for adult temperament. J. Res. Personal. 41, 868–888. doi: 10.1016/j.jrp.2006.11.002

 Fortenbaugh, F. C., DeGutis, J., and Esterman, M. (2017). Recent theoretical, neural, and clinical advances in sustained attention research. Ann. N. Y. Acad. Sci. 1396, 70–91. doi: 10.1111/nyas.13318

 Fortenbaugh, F. C., Rothlein, D., McGlinchey, R., DeGutis, J., and Esterman, M. (2018). Tracking behavioral and neural fluctuations during sustained attention: a robust replication and extension. NeuroImage 171, 148–164. doi: 10.1016/j.neuroimage.2018.01.002

 Franklin, M. S., Smallwood, J., and Schooler, J. W. (2011). Catching the mind in flight: using behavioral indices to detect mindless reading in real time. Psychon. Bullet. Rev. 18, 992–997. doi: 10.3758/s13423-011-0109-6

 Franklin, M. S., Smallwood, J., Zedelius, C. M., Broadway, J. M., and Schooler, J. W. (2016). Unaware yet reliant on attention: experience sampling reveals that mind-wandering impedes implicit learning. Psychon. Bullet. Rev. 23, 223–229. doi: 10.3758/s13423-015-0885-5

 Groot, J. M., Boayue, N. M., Csifcsák, G., Boekel, W., Huster, R., Forstmann, B. U., et al. (2021). Probing the neural signature of mind wandering with simultaneous fMRI-EEG and pupillometry. NeuroImage 224:117412. doi: 10.1016/j.neuroimage.2020.117412

 Helton, W. S. (2009). Impulsive responding and the sustained attention to response task. J. Clin. Exp. Neuropsychol. 31, 39–47. doi: 10.1080/13803390801978856

 Henríquez, R. A., Chica, A. B., Billeke, P., and Bartolomeo, P. (2016). Fluctuating minds: spontaneous psychophysical variability during mind-wandering. PLoS ONE 11:e0147174. doi: 10.1371/journal.pone.0147174

 Hutt, S., Wong, A., Papoutsaki, A., Baker, R. S., Gold, J. I., and Mills, C. (2024). Webcam-based eye tracking to detect mind wandering and comprehension errors. Behav. Res. Methods 56, 1–17. doi: 10.3758/s13428-022-02040-x

 Jalava, S. T., and Wammes, J. D. (2024). Slow and steady: validating the rhythmic visual response task as a marker for attentional states. Behav. Res. Methods 24:2409. doi: 10.3758/s13428-024-02409-0

 Kam, J. W. Y., Rahnuma, T., Park, Y. E., and Hart, C. M. (2022). Electrophysiological markers of mind wandering: a systematic review. NeuroImage 258:119372. doi: 10.1016/j.neuroimage.2022.119372

 Kane, M. J., Smeekens, B. A., Meier, M. E., Welhaf, M. S., and Phillips, N. E. (2021). Testing the construct validity of competing measurement approaches to probed mind-wandering reports. Behav. Res. Methods 53, 2372–2411. doi: 10.3758/s13428-021-01557-x

 Keene, P. A., DeBettencourt, M. T., Awh, E., and Vogel, E. K. (2022). Pupillometry signatures of sustained attention and working memory. Attent. Percept. Psychophys. 84, 2472–2482. doi: 10.3758/s13414-022-02557-5

 Kuvar, V., Kam, J. W. Y., Hutt, S., and Mills, C. (2023). Detecting when the mind wanders off task in real-time: an overview and systematic review. Int. Conf. Multimod. Interact. 2023, 163–173. doi: 10.1145/3577190.3614126

 Larue, G. S., Rakotonirainy, A., and Pettitt, A. N. (2010). Real-time performance modelling of a sustained attention to response task. Ergonomics 53, 1205–1216. doi: 10.1080/00140139.2010.512984

 Lin, C. T., Huang, K. C., Chuang, C. H., Ko, L. W., and Jung, T. P. (2013). Can arousing feedback rectify lapses in driving? Prediction from EEG power spectra. J. Neural Eng. 10:e056024. doi: 10.1088/1741-2560/10/5/056024

 Luna, F. G., Marino, J., Roca, J., and Lupiáñez, J. (2018). Executive and arousal vigilance decrement in the context of the attentional networks: the ANTI-Vea task. J. Neurosci. Methods. 306, 77–87. doi: 10.1016/j.jneumeth.2018.05.011

 Marcusson-Clavertz, D., Terhune, D. B., and Cardeña, E. (2012). Individual differences and state effects on mind-wandering: hypnotizability, dissociation, and sensory homogenization. Conscious. Cogn. 21, 1097–1108. doi: 10.1016/j.concog.2012.04.002

 McVay, J. C., and Kane, M. J. (2009). Conducting the train of thought: working memory capacity, goal neglect, and mind wandering in an executive-control task. J. Exp. Psychol. 35, 196–204. doi: 10.1037/a0014104

 McVay, J. C., and Kane, M. J. (2012). Drifting from slow to “d'oh!” Working memory capacity and mind wandering predict extreme reaction times and executive-control errors. J. Exp. Psychol. Learn. Mem. Cogn. 38, 525–549. doi: 10.1037/a0025896

 Mills, C., Gregg, J., Bixler, R., and D'Mello, S. K. (2021). Eye-Mind reader: an intelligent reading interface that promotes long-term comprehension by detecting and responding to mind wandering. Hum. Comput. Interact. 36, 306–332. doi: 10.1080/07370024.2020.1716762

 Mooneyham, B. W., and Schooler, J. W. (2013). The costs and benefits of mind-wandering: a review. Can. J. Exp. Psychol. 67, 11–18. doi: 10.1037/a0031569

 Mrazek, M. D., Phillips, D. T., Franklin, M. S., Broadway, J. M., and Schooler, J. W. (2013). Young and restless: validation of the Mind-Wandering Questionnaire (Mwq) reveals disruptive impact of mind-wandering for youth. Front. Psychol. 4:560. doi: 10.3389/fpsyg.2013.00560

 Polychroni, N., Hedman, L. R., and Terhune, D. B. (2020). Response time fluctuations in the sustained attention to response task predict performance accuracy and meta-awareness of attentional states. Psychol. Conscious. Theor. Res. Pract. 10, 381–393. doi: 10.1037/cns0000248

 Polychroni, N., Konishi, M., Steinecker, I., and Terhune, D. (2024). Introspective Access or Retrospective Inference? Mind Wandering Reports Are Shaped By Performance Feedback. PsyArXiv [Preprint]. doi: 10.31234/osf.io/b9z5w

 Roberts, B., Pruin, J., Bainbridge, W., Rosenberg, M. D., and deBettencourt, M. T. (2024). Memory Augmentation With an Adaptive Cognitive Interface. PsyArXiv [Preprint]. doi: 10.31234/osf.io/qpj7a

 Robertson, I. H., Manly, T., Jackie, A., Baddeley, B. T., and Yiend, J. (1997). “Oops!”: performance correlates of everyday attentional failures in traumatic brain injured and normal subjects. Neuropsychologia 35, 747–758. doi: 10.1016/S0028-3932(97)00015-8

 Schooler, J. W., Smallwood, J., Christoff, K., Handy, T. C., Reichle, E. D., and Sayette, M. A. (2011). Meta-awareness, perceptual decoupling and the wandering mind. Trends Cogn. Sci. 15, 319–326. doi: 10.1016/j.tics.2011.05.006

 Seli, P., Jonker, T. R., Solman, G. J. F., Cheyne, J. A., and Smilek, D. (2013). A methodological note on evaluating performance in a sustained-attention-to-response task. Behav. Res. Methods 45, 355–363. doi: 10.3758/s13428-012-0266-1

 Seli, P., Kane, M. J., Metzinger, T., Smallwood, J., Schacter, D. L., Maillet, D., et al. (2018a). The family-resemblances framework for mind-wandering remains well clad. Trends Cogn. Sci. 22, 959–961. doi: 10.1016/j.tics.2018.07.007

 Seli, P., Kane, M. J., Smallwood, J., Schacter, D. L., Maillet, D., Schooler, J. W., et al. (2018b). Mind-wandering as a natural kind: a family-resemblances view. Trends Cogn. Sci. 22, 479–490. doi: 10.1016/j.tics.2018.03.010

 Simon, A. J., Gallen, C. L., Ziegler, D. A., Mishra, J., Marco, E. J., Anguera, J. A., et al. (2023). Quantifying attention span across the lifespan. Front. Cogn. 2:1207428. doi: 10.3389/fcogn.2023.1207428

 Smallwood, J., Beach, E., Schooler, J. W., and Handy, T. C. (2008a). Going AWOL in the brain: mind wandering reduces cortical analysis of external events. J. Cogn. Neurosci. 20, 458–469. doi: 10.1162/jocn.2008.20037

 Smallwood, J., Brown, K. S., Tipper, C., Giesbrecht, B., Franklin, M. S., Mrazek, M. D., et al. (2011). Pupillometric evidence for the decoupling of attention from perceptual input during offline thought. PLoS ONE 6:e18298. doi: 10.1371/journal.pone.0018298

 Smallwood, J., McSpadden, M., Luus, B., and Schooler, J. (2008b). Segmenting the stream of consciousness: the psychological correlates of temporal structures in the time series data of a continuous performance task. Brain Cogn. 66, 50–56. doi: 10.1016/j.bandc.2007.05.004

 Smallwood, J., McSpadden, M., and Schooler, J. W. (2007). The lights are on but no one's home: meta-awareness and the decoupling of attention when the mind wanders. Psychon. Bullet. Rev. 14, 527–533. doi: 10.3758/BF03194102

 Smallwood, J., and Schooler, J. W. (2013). The restless mind. Psychol. Conscious. 1, 130–149. doi: 10.1037/2326-5523.1.S.130

 Smallwood, J., and Schooler, J. W. (2015). The science of mind wandering: empirically navigating the stream of consciousness. Ann. Rev. Psychol. 66, 487–518. doi: 10.1146/annurev-psych-010814-015331

 Smilek, D., Carriere, J. S. A., and Cheyne, J. A. (2010). Failures of sustained attention in life, lab, and brain: ecological validity of the SART. Neuropsychologia 48, 2564–2570. doi: 10.1016/j.neuropsychologia.2010.05.002

 Stawarczyk, D., Majerus, S., Maj, M., Van Der Linden, M., and D'Argembeau, A. (2011). Mind-wandering: phenomenology and function as assessed with a novel experience sampling method. Acta Psychol. 136, 370–381. doi: 10.1016/j.actpsy.2011.01.002

 Szpunar, K. K., Moulton, S. T., and Schacter, D. L. (2013). Mind wandering and education: from the classroom to online learning. Front. Psychol. 4:495. doi: 10.3389/fpsyg.2013.00495

 Thomson, D. R., Besner, D., and Smilek, D. (2015). A resource-control account of sustained attention: evidence from mind-wandering and vigilance paradigms. Perspect. Psychol. Sci. 10, 82–96. doi: 10.1177/1745691614556681

 Turk-Browne, N. B., Jungé, J., and Scholl, B. J. (2005). The automaticity of visual statistical learning. J. Exp. Psychol. Gen. 134, 552–564. doi: 10.1037/0096-3445.134.4.552

 Unsworth, N., Robison, M. K., and Miller, A. L. (2021). Individual differences in lapses of attention: a latent variable analysis. J. Exp. Psychol. 150, 1303–1331. doi: 10.1037/xge0000998

 Van den Driessche, C., Bastian, M., Peyre, H., Stordeur, C., Acquaviva, É., Bahadori, S., et al. (2017). Attentional lapses in attention-deficit/hyperactivity disorder: blank rather than wandering thoughts. Psychol. Sci. 28, 1375–1386. doi: 10.1177/0956797617708234

 Vaurio, R. G., Simmonds, D. J., and Mostofsky, S. H. (2009). Increased intra-individual reaction time variability in attention-deficit/hyperactivity disorder across response inhibition tasks with different cognitive demands. Neuropsychologia 47, 2389–2396. doi: 10.1016/j.neuropsychologia.2009.01.022

 Wakeland-Hart, C. D., Cao, S. A., deBettencourt, M. T., Bainbridge, W. A., and Rosenberg, M. D. (2022). Predicting visual memory across images and within individuals. Cognition 227:105201. doi: 10.1016/j.cognition.2022.105201

 Warm, J. S., Parasuraman, R., and Matthews, G. (2008). Vigilance requires hard mental work and is stressful. Hum. Fact. 50, 433–441. doi: 10.1518/001872008X312152

 Yanko, M. R., and Spalek, T. M. (2014). Driving with the wandering mind: the effect that mind-wandering has on driving performance. Hum. Fact. 56, 260–269. doi: 10.1177/0018720813495280

 Zhang, H., Miller, K., and John, J. (2024). How does mind-wandering affect distractor suppression? Vis. Cogn. 2024:2h6kw. doi: 10.1080/13506285.2024.2347605

 Zhang, Z., and Rosenberg, M. D. (2024). Assessing the impact of attention fluctuations on statistical learning. Attent. Percept. Psychophys. 86, 1086–1107. doi: 10.3758/s13414-023-02805-2

Copyright
 © 2024 Shelat, Schooler and Giesbrecht. 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/xhtml/Nav.xhtml




Contents





		Cover



		Predicting attentional lapses using response time speed in continuous performance tasks



		1 Introduction



		2 Response time patterns coincident with changes in attentional state



		3 Real-time triggering designs with response times



		4 Discussion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
& frontiers | Frontiers in Cognition

Predicting attentional lapses
using response time speed in
continuous performance tasks





OPS/images/fcogn-03-1460349-g001.gif











OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Cognition







