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Our study was designed to examine whether the pain reliever acetaminophen impacts the normal ebb-and-flow of off-task attentional states, such as captured by the phenomenon of mind wandering. In a placebo-controlled between-groups design, participants performed a sustained attention to response task while event-related potentials (ERPs) to target events were recorded. Participants were queried at random intervals for their attentional reports – either “on-task” or “off-task.” The frequency of these reports and the ERPs generated by the preceding target events were assessed. Behaviorally, the frequency of off-task attentional reports was comparable between groups. Electrophysiologically, two findings emerged: first, the amplitude of the P300 ERP component elicited by target events was significantly attenuated during off-task vs. on-task attentional states in both the acetaminophen and placebo groups. Second, the amplitude of the LPP ERP component elicited by target events showed a significant decrease during off-task attentional states that was specific to the acetaminophen group. Taken together, our findings support the conclusion that acetaminophen doesn’t impact our relative propensity to drift into off-task attentional states, but it does affect the depth of neurocognitive disengagement during off-task attentional states, and in particular, at the level of post-categorization stimulus evaluations indexed by the LPP.
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INTRODUCTION

Acetaminophen—also known as paracetamol or Tylenol®—is a common non-prescription, centrally-acting pain reliever that has been recognized in recent years to have a number of substantive cognitive and affective side-effects. In the original study on the topic it was found that social pain was attenuated by chronic doses of acetaminophen taken over a period of 3 weeks (DeWall et al., 2010). Since then, the side effects of acetaminophen have been expanded on in a number of different ways, all demonstrating that it attenuates various aspects of cognitive-affective processes — including reduced emotional reactions to affectively polarized images (Durso et al., 2015); reduced social anxiety (Fung and Alden, 2017); reduced affective reactions to negative events (DeWall et al., 2015); reduced empathy (Mischkowski et al., 2016); reduced distrust of others (Roberts et al., 2018); reduced affective responses to cognitively threatening events (Randles et al., 2013); and reduced implicit analysis of behavioral errors (Randles et al., 2016).

Why might acetaminophen induce such effects? The available evidence from functional neuroimaging has demonstrated that acetaminophen modulates responsivity in the dorsal anterior cingulate cortex (dACC) during tasks invoking both social (DeWall et al., 2010) and physical pain (Pickering et al., 2015). Given that dACC function has been tied to behavioral performance monitoring (Holroyd et al., 2004; Brown and Braver, 2005; Sheth et al., 2012) and the evaluative analysis of behaviorally-relevant events (Bush et al., 2002; Blair et al., 2006; Cai and Padoa-Schioppa, 2012; Kolling et al., 2012), acetaminophen’s attenuating effects on reactivity to behavioral errors, poor decision outcomes, emotionally-charged stimuli, social rejection and the like (Randles et al., 2013, 2016; DeWall et al., 2015, 2010; Mischkowski et al., 2016) all functionally align with this possibility.

At the same time, the dACC has also been implicated in modulating the depth of our attentional engagement with the external task environment (Heilbronner and Hayden, 2016), and this is the point of focus in our study. In particular, the dACC has been identified as one of two cortical hubs in the brain’s “salience network” (Sridharan et al., 2008; Menon and Uddin, 2010), a network which is believed to control the depth of our attention to the external task environment through its modulatory influence on the brain’s default mode network (or DMN). Specifically, when our attention transiently drifts away from the given task at hand such as during periods of mind wandering, it correlates with a systematic up-regulation of activity in the DMN (Mason et al., 2007; Christoff et al., 2009; Andrews-Hanna et al., 2010; Andrews-Hanna, 2012). This has supported the idea that DMN activation is associated with spontaneous, task-independent thought (Christoff et al., 2016; Dixon et al., 2017). Against this background, the salience network has been shown to transiently suppress activity in the DMN, leading to the proposal that this modulatory influence maintains “on-task” attentional states because the neural circuitry associated with “off-task” attentional states — the DMN — is being directly inhibited (Bonnelle et al., 2012; Jilka et al., 2014; Menon, 2015).

Given the collective evidence, our study thus addressed the following question: might acetaminophen impact the normal ebb and flow of on-task vs. off-task attentional states? We suggest that the question warrants consideration for two central reasons.

First, when our thoughts drift or wander away from the on-going task at hand, there is a transient but widespread attenuation in the cortical processing of external events during the off-task attentional state that extends across the sensory-perceptual (Kam et al., 2011; Smallwood et al., 2011; Baird et al., 2014), cognitive (Smallwood et al., 2008; Barron et al., 2011; Kam et al., 2013), affective (Kam et al., 2014), and motor/performance-monitoring (Kam et al., 2012) domains. Such effects are believed to reflect a basic functional tension that persists in the brain between prioritizing external vs. internal inputs for processing by capacity-limited resources over time, as we naturally vacillate between on-task and off-task attentional states (Smallwood et al., 2011; Kam and Handy, 2013; Handy and Kam, 2015). In light of this, if acetaminophen does in fact alter the normal ebb and flow between on-task vs. off-task attentional states — such as by increasing the relative proportion of time spent in off-task attentional states, and/or by increasing the depth of our processing attenuation during off-task attentional states — it raises potential health and safety concerns. For example, falling in older individuals, a leading cause of death and disability in seniors, is associated with higher rates of mind wandering (Nagamatsu et al., 2013).

Second, taken together, the neurocognitive and neuroaffective side effects of acetaminophen as reviewed above have supported the hypothesis that the drug influences the brain’s social-affective evaluative processes (DeWall et al., 2015). While our intention here is not to inform on the validity of this hypothesis, if acetaminophen is found to alter normative patterns of on- vs. off-task attentional states, it would represent an important expansion in our basic understanding of acetaminophen and the breadth of its neurocognitive effects. That is, to our knowledge there has been no evidence reported to date indicating that acetaminophen alters attentional processes such as those associated with visual target identification, for example, processes impacted by off-task attentional states (Smallwood et al., 2008; Barron et al., 2011; Kam et al., 2013) that precede more evaluative stages of analyses in the afferent stream of visual stimulus processing.

To address our primary question, we combined a canonical event-related potential (ERP) paradigm we have used previously for assessing on- vs. off-task attentional states (Smallwood et al., 2008; Kam et al., 2011) with a between-group, double-blind, placebo-controlled procedure for administering acetaminophen that we have also used previously, both with (Randles et al., 2016) and without (Randles et al., 2013) ERPs as a dependent measure. Participants were asked to perform a simple visual target detection task while we recorded their ERP responses to target events. At random intervals they were then stopped and prompted to report on their attentional state just prior to the stoppage—either “on-task” vs. “off-task.” Participants in the “acetaminophen” condition consumed a 1000 mg capsule of acetaminophen approximately 1 h prior to the initiation of data collection, while participants in the “placebo” condition consumed an identical capsule containing granulated sugar. Our primary dependent measures were (1) the relative frequencies of on- vs. off-task attentional reports, to assess acetaminophen’s impacts on the relative proportion of time spent in off-task attentional states, and (2) the ERPs elicited by target events, to assess acetaminophen’s possible impacts on the depth of our attentional and evaluative processing attenuation during off-task attentional states, as indexed by the P300 and LPP ERP components respectively.

MATERIALS AND METHODS

Participants

Participants were recruited through the community via posting at the Paid Participants Study List hosted by Psychology Graduate Student Council website, and remunerated $20 (CAD) for their participation. A total of 60 participants from the community were recruited, but data from 20 participants was excluded from final analyses due to excessive eye movement and other recording artifacts identified in their data during initial data analysis (see below). Of the remaining forty participants (26 females; M = 23.4 years old, SD = 6.61; 39 were right-handed), all had no history of neurological problems, and had normal or corrected-to-normal vision. In the placebo group, participants had a mean age of 23.9 (SD = 6.77; 15 females), and in the acetaminophen group, the mean age was 22.9 (SD = 6.57; 11 females). Participants were asked to not participate if they had a history of alcoholism or consume on average more than two alcoholic drinks a day, were a smoker, were pregnant or breastfeeding, were asthmatic or diabetic, had been diagnosed with liver, stomach, gastrointestinal, heart, or kidney disease or an allergy or family history of allergy to Tylenol (acetaminophen), had experienced intracranial bleeding or had a tendency to bleed excessively, or were at the time of participation taking any medication other than oral contraceptives. We did not assess the participants’ daily pain medication use. However, when participants’ alcohol, cigarette, and cannabis use over the past 24 h was assessed, we found no significant difference between the two experimental groups (p ≥ 0.15). Participants provided written informed consent to the experimental procedure, and the UBC Behavioral Review Ethics Board approved all procedures and protocols of this experiment.

Stimuli and Task

Participants performed a SART adapted from Smallwood et al. (2008) and Kam et al. (2011). The task involved presentation of a serial stream of stimuli at foveal centered fixation dot. The stimuli were black numbers or a letter on a white background. Participants were asked to make a manual button press for “non-targets” (numbers 0–9, which were presented frequently), and were asked to withhold a button press response when presented with a “target” (letter X, which was presented infrequently). The timing and sequence of stimuli are shown in Figure 1. Within each block of stimuli, target probability was quasi-randomized, with the constraints that (1) one to two targets were presented during each block, and (2) for blocks having two targets, the targets would be separated by at least 10 non-target events, and (3) the last six trials of each block included no target events. The block duration was randomly varied between 30 and 90 s, meaning each block had anywhere from 15 to 45 trials, and each participant completed a minimum of 20 blocks in total.
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FIGURE 1. Timing and sequence of stimuli in the present study.



To measure task-related attention, participants were instructed to report their “attentional state” at the end of each trial block. Specifically, they were asked to identify their state immediately prior to the block termination as either being “on-task” (fully attentive to task performance), or “off-task” (inattentive to the task). Importantly, participants were provided with verbal descriptions and examples of these two “attentional states” prior to starting the testing session. On-task states were defined as when one’s attention is firmly directed toward the task, whereas off-task states were described as when one is aware of other things than just the task at hand. Examples of these attentional states were given in the context of reading, during which “one may be fully attentive to the content of the reading material, or thinking about something completely unrelated to the content, reflective of on-task and off-task states, respectively.” Attentional reports were recorded by the investigator at the conclusion of each trial block, and these reports were then used to sort ERP data based on on-task versus off-task states as described below. The block duration itself was randomly varied between 30 and 90 s to (1) minimize predictability of block completion and (2) maximize variability of attentional state at the time of block completion.

Experimental Manipulation

Acetaminophen is a widely used non-opiate, analgesic, and antipyretic drug, that is believed to impact the brain in complex ways. Comparably to non-steroidal anti-inflammatory drugs (NSAID), acetaminophen suppresses prostaglandin synthesis by the inhibitory effect on COX-1 and COX-2 activity (Ouellet and Percival, 2001; Graham and Scott, 2005). However, unlike NSAIDs, acetaminophen produces weak anti-inflammatory effects due to its lack of significant influence on the peripheral COX enzymes (Clissold, 1986). Acetaminophen when studied in combination with 5-HT3 receptors demonstrates stimulation of the descending serotoninergic pathway (Pickering et al., 2008). Moreover, acetaminophen is regarded as a prodrug that due to its active metabolization results in a fatty acid amid (N-arachidonoyl phenol amine; AM404) that indirectly increases activity in the endocannabinoid system (Högestätt et al., 2005). Thus, the pain sensation of the tissue receptors through the spinal cord to the thalamus and the cerebral cortex are impacted by acetaminophen (Jóźwiak-Bebenista and Nowak, 2014). Our procedures for the between-group pharmacological manipulation replicated Randles et al. (2016) such that participants in the experimental condition consumed two capsules each containing 500 mg tablets of Kirkland-brand acetaminophen (1000 mg total), while participants in the placebo condition consumed two identical-looking capsules that were filled with white granulated sugar. Participants were informed that they were being randomly assigned to an experimental condition through double-blind procedure, where each participant’s dose was assigned a unique ID prior to the study that matched it to the correct condition. While the researcher running the study was blind to condition assignment, they could request access to identify the condition if it became medically necessary. Participants were sorted into their assigned condition beginning at the group averaging stage of data analysis. The testing took place between 10 am and 7 pm, and there was no significant difference when comparing the two experimental groups for the time the testing took place [t(38) = 0.82, p = 0.42].

Procedure

Participants provided written consent and then consumed their assigned capsules. The participant was then prepared for recording his or her electroencephalogram (EEG), and instructed in the SART while seated at the task computer running MATLAB R2010a (The MathWorks, Inc.) with Psychtoolbox. This task began approximately 60 min after consuming the pills, ensuring that most participants experienced peak pharmacological activation; typically requiring 45–60 min for adults consuming acetaminophen orally (Bertolini et al., 2006). The half-life of acetaminophen in healthy subjects has been reported to be 1.9 to 2.5 h (Forrest et al., 1982). Once commenced, the EEG testing session itself took approximately 1 h, giving participants a total study time of approximately 2 h.

Electrophysiological Recording and Analysis

Continuous EEG was recorded during the task via 64 Ag/AgCl active electrodes mounted in an elastic cap (BioSemi Active-Two amplifier system; BioSemi, Amsterdam, Netherlands) in spatial accordance with the international 10–20 system. Two additional electrodes located over the medial-parietal cortex (Common Mode Sense and Driven Right Leg) were used as ground electrodes. Recordings were digitized at 256 Hz, digitally filtered offline between 0.1 and 30 Hz (zero phase-shift Butterworth filter) and then referenced offline to the average of two mastoid electrodes. EEG data processing was performed using ERPLAB, a toolbox within MATLAB 2012a (The MathWorks, Inc.) used in conjunction with EEGLAB. To ensure proper eye fixation and allow for the removal of events associated with eye movement artifacts, vertical and horizontal electrooculograms (EOGs) were also recorded—the vertical EOGs from an electrode inferior to the right eye, and the horizontal EOGs from two electrodes on the right and left outer canthus. Offline, computerized artifact rejection was used to eliminate trials during which detectable eye movements and blinks occurred. These eye artifacts were detected by identifying the minimum and maximum voltage values on all recorded EOG channels from −200 to 800 ms post-stimulus for each event epoch, and then removing the trial from subsequent signal averaging if that value exceeded 200 —V, a value calibrated to capture all blinks and saccades. This was followed by visual inspection of the data. If additional artifacts (e.g., muscle movements and loose connections) were observed, the threshold was reduced by 25 —V until artifacts were not present or a minimum of 100 —V was reached. Participants (N = 20) with more than 50% rejected trials were excluded from analysis; the remainder of participants (N = 40) had an average of 17.84% trials rejected due to these signal artifacts; the percentage of rejected trials did not significantly differ between individuals in the acetaminophen vs. placebo conditions (p = 0.53), and the mean number of artifact-free trials retained in each experimental group and attentional state are reported in Table 1. Of the removed participants, 10 were in the acetaminophen experimental group.

TABLE 1. Artifact-free trials.
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The ERP waveforms for the two attentional conditions of interest were derived by averaging together the EEG epochs for the six non-target events preceding each categorical instance of a subjective attentional report (on-task vs. off-task). Although it is never certain how long participants have actually been in a particular attentional state at the time a subjective report is given, analyses were based on the assumption that the 12 s prior to each report (the time window capturing the six preceding non-targets) would, on average, reliably capture the given attentional state—an assumption consistent with the presumed time course of off-task thinking (e.g., Sonuga-Barke and Castellanos, 2007; Christoff et al., 2009) and the time windows of analyses we have adopted previously (Smallwood et al., 2008; Kam et al., 2011, 2012; Kirschner et al., 2012; Kam and Handy, 2013). Although a shorter pre-report time window for averaging non-target EEG epochs would more accurately capture attentional state, it would also reduce the number of events included in the ERP analysis. The choice of how many pre-report events to include in the averages was therefore an attempt to maximize the number of events in each waveform average while not extending the window back so far in time as to consistently capture the preceding attentional state or transition between states.

RESULTS

As outlined above, the goal of our study was to examine whether acetaminophen disrupts the normal ebb and flow of on-task vs. off-task attentional states. Our primary dependent measures were (1) the relative frequencies of on- vs. off-task attentional reports, to assess acetaminophen’s impacts on the relative proportion of time spent in on- vs. off-task attentional states, and (2) the ERPs elicited by target events, to assess acetaminophen’s impacts on the depth of our attentional and evaluative processing attenuation during off-task attentional states, as indexed by the mean amplitudes of the P3 and LPP ERP components elicited by target events, respectively.

Attentional Reports

Overall, participants completed an average of 36.2 trial blocks during the 1-h testing session, with 49.4% of the attentional reports being given as “off-task.” However, there was no significant between-group difference in the reported frequency of “off-task” attentional states [acetaminophen = 51.20%, placebo = 47.85%; t(38) = 0.59, p = 0.56].

Event-Related Potentials

Analyses of the ERPs elicited by the non-target events in the 12 s immediately preceding each attentional report focused on two components of interest: the P300, which increases in amplitude with the degree of attention allocated to the ERP-eliciting stimulus (Donchin, 1981; Polich, 2007), and the late positive potential (or LPP) that follows the P3 in time, which increases in amplitude with the degree of post-attentional stimulus evaluation (e.g., Cacioppo and Berntson, 1994; Crites et al., 1995; Cacioppo et al., 1996; Cuthbert et al., 2000; Ito and Cacioppo, 2000) even for implicit evaluative analyses (Handy et al., 2010). The P300 was chosen a priori for analysis because previous research has demonstrated that the amplitude of the P300 elicited by task-relevant events systematically decreases during off-task attentional states (Smallwood et al., 2008; Barron et al., 2011); at issue in the current study was whether acetaminophen might increase the depth of attentional disengagement during off-task attentional states, as indexed by the P300. Likewise, the LPP was chosen a priori for analysis because acetaminophen has been associated with reductions in the evaluative analysis of external events (DeWall et al., 2010, 2015; Randles et al., 2013, 2016; Mischkowski et al., 2016); at issue in the current study was whether there might be an increase in the depth of this evaluative disengagement during off-task attentional states. For both ERP components, the analyses reported below were all based on mean amplitude measures centered on the approximate peak of the component of interest as identified in the group-averaged waveforms, measured relative to a −200 to 0 ms pre-stimulus baseline.

Attentional Disengagement: P300

The P300 elicited by non-target events is shown in Figure 2 at the midline-posterior scalp electrode locations CPz, Pz, and POz where it was maximal in amplitude, along with the immediately distal locations to each over the left (CP1, P1, and PO1) and right (CP2, P2, and PO2) cerebral hemispheres. The mean amplitude of the P300 at each of these electrode sites is reported in Table 2 as a function of attentional report (on-task vs. off-task) and experimental condition (acetaminophen vs. placebo), as measured across a 250 to 350 ms time window capturing the approximate P300 peak. It appeared that there was a general reduction in P300 amplitude during off-task relative to on-task attentional states, but no impact of acetaminophen on this effect. This data pattern was confirmed by an omnibus, repeated-measures ANOVA that included experimental group (acetaminophen vs. placebo) as a between-groups factor, and attentional report (on-task vs. off-task) and electrode site included as within-groups factors. There was an overall significant main effect of attentional report [F(1,38) = 4.64, p = 0.038, [image: image] = 0.11] with an overall greater amplitude during on-task attentional reports, but there was no significant main effect of experimental group [F(1,38) = 2.22, p = 0.14] or a significant interaction between attentional report and experimental group [F(1,38) = 0.11, p = 0.75]. As well, although a main effect of electrode site indicated an overall difference in P300 amplitude across scalp electrode site [F(8,31) = 6.38, p < 0.001], there was no significant interaction between electrode site and experimental group [F(8,31) = 1.28, p = 0.29], or interaction of electrode site with attentional state [F(8,31) = 1.15, p = 0.36].
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FIGURE 2. Averaged waveforms showing cognitive effects of P300 and LPP ERP components elicited by non-targets at 12 electrode sites as a function of attentional state and experimental condition. The time-windows used in the P300 amplitude analyses are highlighted in blue (250–350 ms), and the ones used in the LPP amplitude analyses are highlighted in yellow (375–525 ms). These ERP waveforms are time-locked to visual non-target events in the 12 s preceding an attentional report.



TABLE 2. P300 ERP results.
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Evaluative Disengagement: LPP

The LPP elicited by non-target events is shown in Figure 2 over the midline-posterior scalp electrode locations where it was maximal (Cz, CPz, and Pz) along with the immediately distal locations to each over the left (C1, CP1, and P1) and right (C2, CP2, and P2) cerebral hemispheres. The mean amplitude of the LPP at each of these electrode sites is reported in Table 3 as a function of attentional report (on-task vs. off-task) and experimental condition (acetaminophen vs. placebo), as measured across a 375 to 525 ms time window capturing the approximate LPP maximum. Like the P300, there appeared to be a general reduction in LPP amplitude during off-task relative to on-task attentional states, but unlike the P300, this effect also appeared to be greater in the acetaminophen relative to placebo group. This data pattern was confirmed via an omnibus, repeated-measures ANOVA that included experimental group (acetaminophen vs. placebo) as a between-groups factor, and attentional report (on-task vs. off-task) and electrode site as within-groups factors. Specifically, there was an overall significant main effect of attentional report [F(1,38) = 21.66, p < 0.001, [image: image] = 0.36] and a significant group × attentional report interaction [F(1,38) = 5.84, p = 0.021, [image: image] = 0.13], but there was no significant main effect of group [F(1,38) = 0.13, p = 0.91]. Separate ANOVAs within each group confirmed a main effect of attentional report for the acetaminophen group [F(1,38) = 25.00, p < 0.001, [image: image] = 0.40], but not for the placebo group [F(1,38) = 2.50, p = 0.12]. However, separate between-groups comparisons within each attentional condition indicated that there was no significant between-group effect in either the on-task [F(1,38) = 0.53, p = 0.47] or off-task attentional condition [F(1,38) = 0.27, p = 0.61]. As well, there was also no significant main effect of electrode site [F(8,31) = 1.44, p = 0.22], or interaction of electrode site with experimental group [F(8,31) = 1.32, p = 0.27], or interaction of electrode site with attentional state [F(8,31) = 0.97, p = 0.48].

TABLE 3. LPP ERP results.
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Additional Analyses

In addition to the above planned analyses, we conducted an additional set of analyses aimed at following up on two specific issues arising from our findings. First, given the significant interaction found between group and attentional state in the LPP data, we wanted to determine whether the impacts of acetaminophen might have also extended to behavioral performance. Second, given that one out of three participants had sufficient residual noise in their EEG data to preclude them from data analysis, we wanted to confirm that there were no systematic behavioral or demographic differences between the included vs. excluded participants that may have been biasing our data outcomes.

Behavioral Performance

For assessing the hit rate for the non-targets button-presses, an omnibus, repeated-measures ANOVA, with experimental group (acetaminophen vs. placebo) as a between-groups factor, and attentional report (on-task vs. off-task) as within-groups factors was conducted. There was no significant main effect of experimental group [F(1,38) = 0.79, p = 0.38], or a significant main effect of attentional report [F(1,38) = 0.09, p = 0.77], or a significant interaction between attentional report and experimental group [F(1,38) = 0.006, p = 0.94]. We were not able to perform a false alarm analyses for incorrect button-presses for target events (“X”) in the 12 s preceding an attentional report, as these preceding trials were always non-targets (numbers).

For evaluating the reaction time for the button presses to non-targets, we conducted another omnibus, repeated-measures ANOVA, with experimental group as a between-groups factor, and attentional report as within-groups factors, and revealed no significant main effect of experimental group [F(1,38) = 0.10, p = 0.76], or a significant main effect of attentional report [F(1,38) = 1.92, p = 0.17], or a significant interaction between attentional report and experimental group [F(1,38) = 0.81, p = 0.37]. Participants were given a time of 1 s to respond following the non-target appearance to make a button-press response. Any button-presses that were made past this allotted time were thereby considered as a “miss” and recorded as a “0” in the accuracy analyses, and were omitted from the reaction time analyses.

For evaluating the reaction time variability for the button presses to non-targets, we conducted another omnibus, repeated-measures ANOVA, with experimental group as a between-groups factor, and attentional report as within-groups factors, and revealed a significant main effect of attentional report [F(1,34) = 4.68, p = 0.04, [image: image] = 0.12]. A post hoc Tukey test revealed that participants varied significantly more when they reported being in off-task vs. on-task attentional state [p < 0.05]. However, there was no significant main effect of experimental group [F(1,34) = 1.14, p = 0.29], or a significant interaction between attentional report and experimental group [F(1,34) = 0.01, p = 0.92]. Note: there was omission of participants data that had only one or less reaction time during the experimental blocks as we were not able to assess their variability.

Removed Participants

We also examined the 30% subject attrition from our analyses due to excessive ERP artifacts, to assess whether there was any meaningful difference between the subjects retained (n = 40) and the subjects removed (n = 19) on both demographic and behavioral information. We are unable to assess one participants’ data in our analyses, as they did not provide the researchers with consent for their data. For the remaining subjects, difference in age between the retained group of participants (M = 23.40, SD = 6.61), and the removed group of participants (M = 22.42, SD = 9.65) was non-significant [t(57) = 0.46, p = 0.65]. The retained group had a total of 26 females, whereas the removed group consisted of 16 females, however this group difference was not statistically significant [t(57) = −1.53, p = 0.13]. When comparing the retained and the removed groups on various behavioral analyses, there was no significant difference for the hit rate for button-presses to non-targets [t(57) = 0.43, p = 0.67], reaction time for button-presses to non-targets [t(57) = 0.69, p = 0.50], or false alarm rate for button-presses to target events [t(57) = 0.21, p = 0.83].

DISCUSSION

Our study examined the potential impacts of acetaminophen on off-task attentional states. Participants were randomly assigned to either an acetaminophen or placebo condition, and then performed a SART as they were queried on their attentional states and the ERPs elicited by non-target events were recorded. In terms of behavior, we found no significant differences in the frequency of off-task attentional reports for acetaminophen vs. placebo experimental groups. This suggests that acetaminophen did not influence the relative proportion of time spent in off-task attentional states. In terms of ERPs, there were two main findings of interest. First, there was an overall main effect of attentional state on the mean amplitude of the P300 elicited by non-target events, but no interaction in the P300 between attentional state and group. Given prior evidence showing that the P300 attenuates during off-task relative on on-task attentional states (Smallwood et al., 2008; Barron et al., 2011; Kam et al., 2011), this basic replication provided a critical measure of normative validity to our data.

More importantly however, there was a significant interaction between group and attentional state in the mean amplitude of the LPP elicited by non-target events, such that the LPP was significantly reduced in amplitude during off-task relative to on-task attentional states in the acetaminophen group, but no comparable attention effect was observed in the placebo group. This suggests that our null between-group effects in the frequency of attentional reports and the P300 amplitude cannot simply be ascribed to an ineffective dose of acetaminophen. Rather, our findings support the conclusion that acetaminophen can in fact impact the depth of neurocognitive disengagement during off-task attentional states, but that this effect appears to be restricted to the level of stimulus processing indexed by the LPP ERP component. Given the conclusions and findings, several key questions follow.

First, how should the differential effect of acetaminophen on the P300 vs. LPP be construed at a functional level? At issue here is understanding how these components differ in terms of what they are believed to capture in terms of neurocognitive processing. The P300 is taken to index the degree to which a stimulus is initially discriminated or categorized at a basic cognitive level (Donchin, 1981; Polich, 2007), while the LPP is believed to index deeper or more contemplative aspects of evaluative analysis (e.g., Cacioppo and Berntson, 1994; Crites et al., 1995; Cacioppo et al., 1996; Cuthbert et al., 2000; Ito and Cacioppo, 2000). For example, while the P300 modulates in amplitude with stimulus frequency (van Dinteren et al., 2014), the LPP modulates with emotional intensity (Brown et al., 2012) and implicit esthetic preference (Handy et al., 2010; Miller et al., 2011). Given this distinction, our findings here suggest that acetaminophen impacts neurocognitive disengagement during off-task attentional states not at the level of more basic stimulus categorization processes as indexed by the P300, but rather, at the level of post-categorization stimulus evaluation as indexed by the LPP. To be clear, however, whether this effect is restricted to implicit evaluative analysis as captured in the current paradigm, or whether it extends to situations where stimuli are being explicitly evaluated on emotional and/or esthetic dimensions remains an open question.

Second, how do our current findings extend our understanding of acetaminophen and its psychopharmacological side effects? As reviewed above, previous studies on the topic have converged on the conclusion that acetaminophen attenuates the evaluative analysis of affectively salient events. For example, individuals on acetaminophen present as less empathetic toward the physical plight of others (Mischkowski et al., 2016), less sensitive to the pain of social rejection (DeWall et al., 2010), less prone to cognitive dissonance with respect to behavioral outcomes (DeWall et al., 2015), less affected by existential threats (Randles et al., 2013), less reactive to emotionally valanced imagery (Durso et al., 2015), and less perturbed by performance errors (Randles et al., 2016). All of these situations can be described as having some degree of affective salience of one form or another. By way of contrast, the stimuli used in the current study were affectively neutral visual events presented in the context of a simple target detection task. Nevertheless, acetaminophen was found to induce a significant decrease in the implicit evaluative analysis of these stimuli, as captured in the LPP ERP component. This thus suggests that the psychological impacts of acetaminophen can extend to affectively benign stimuli. That is, the effects of acetaminophen on evaluative processing may not be specific to affectively-valenced stimuli and events.

Finally, to what extent if at all might our findings inform on the functional interactions between the putative site of acetaminophen’s effect in cortex — the dACC (DeWall et al., 2010; Pickering et al., 2015) — and the DMN, which upregulates in activity during off-task attentional states (Mason et al., 2007; Christoff et al., 2009; Andrews-Hanna et al., 2010; Andrews-Hanna, 2012)? To be certain, the ability to make neuroanatomically definitive statements in this regard go beyond the scope of what our study and methods allow. But given that qualifier, our findings do support the possibility that whatever the dACC’s role in the analysis of on-going external events (Heilbronner and Hayden, 2016), the evaluative functions impacted by acetaminophen (DeWall et al., 2015) may be functionally dissociable from those dACC processes involved in modulating DMN function (Bonnelle et al., 2012; Jilka et al., 2014; Menon, 2015). In other words, we did not find a significant impact of acetaminophen on the normal ebb-and-flow of off-task attentional states, or what would be predicted if acetaminophen were directly affecting DMN activation per se. Instead, using affectively neutral stimuli, we just found that acetaminophen’s oft-replicated propensity to attenuate the evaluative analysis of affectively-valenced events was more reliably present during off-task attentional states.
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CP2 2.36 (1.36) 1.91 (1.70)
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PO3 2.36 (1.97) 2.03(1.57)
POz 1.45(2.21) 1.22 (1.72)
PO4 1.35(3.63) 1.42 (2.01)

The mean P300 amplitudes (and standard deviation) for non-targets as a
function of attentional state (on task vs. mind wandering) and experimental group
(acetaminophen vs. placebo). Mean amplitudes were taken across a 250-350 ms
post-stimulus time window, measured relative to a —200 to 0 baseline.
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The mean number of artifact-free trials retained as a function of attentional state
(on task vs. mind wandering) and experimental group (acetaminophen vs. placebo).
Standard deviations are in parentheses.
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The mean LPP amplitudes (and standard deviation) for non-targets as a function
of attentional state (on task vs. mind wandering) and experimental group
(acetaminophen vs. placebo). Mean amplitudes were taken across a 375-525 ms
post-stimulus time window, measured relative to a —200 to 0 baseline.
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