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Abstract 

    Spontaneous internally directed attention, such as mind 
wandering, typically hinders performance in cognitive tasks. 
The impact of intentional internally directed attention (IDA) – 
for instance, deliberately thinking about past or future events – 
on task performance, however, remains unclear. In our study, 
we employed a dual-task paradigm that involved self-
referential stimuli in a color-recall visual working memory 
task. This approach revealed that intentional IDA more 
significantly influences performance compared to intentional 
externally directed attention (EDA). We observed larger late 
positive potentials (LPP) over medial frontal sensors, 
suggesting sustained stimulus processing over frontal sensors 
under IDA. Additionally, we noted a pattern of neural activity 
associated with internal attention: event-related 
desynchronization (ERD) in the alpha band (8-12 Hz) during 
the encoding phase and event-related synchronization (ERS) in 
the delay phase. In contrast, the EDA condition was marked by 
theta (4-8 Hz) band ERS during the delay period. These 
findings highlight distinct behavioral impacts and neural 
patterns associated with internally versus externally directed 
attention in dual-task settings. 

 
Keywords: Intentional internally directed attention; visual 

working memory; dual-task; EEG; ERP; time-frequency 

Introduction 

We frequently engage in introspection to embark on a train 
of thought, categorized as internally directed attention (IDA). 
The selection, modulation, and maintenance of information 
generated internally, such as task rules, long-term memory, 
working memory, and responses, are referred to as internally 
directed attention (Chun, Golomb, & Turk-Browne, 2011; 
Dixon, Fox, & Christoff, 2014). It is distinct from externally 
directed attention (EDA) as the latter refers to the selection 
and modulation of sensory information. Dixon et al. proposed 
that internally and externally directed cognition can occur in 
two states, i.e., intentional (voluntary) or spontaneous 
(involuntary). These states thus affect the relationship of 
internally and externally directed cognition. Internally 
directed cognition competes with externally directed 
cognition when they both involve a high degree of 
intentionality. At the same time, they can co-occur if one or 
both involve spontaneous processing (see Dixon et al., 2014 

and Verschooren, Schindler, De Raedt, & Pourtois, 2019 for 
review). 
Spontaneous IDA, such as mind-wandering, is shown to 
impair the intentional EDA processes, including text 
comprehension (Killingsworth & Gilbert, 2010; Kane & 
McVay, 2012; Kam & Handy, 2014; Rummel & Boywitt, 
2014; Smallwood, McSpadden, & Schooler, 2008). Using 
self-referential stimuli in a dual-task paradigm, Huijser et al. 
reported that internally directed thoughts impair performance 
in the spatial working memory task (Huijser, van Vugt, & 
Taatgen, 2018). They further proposed that self-referential 
processing can promote self-generated thoughts and thus 
interfere with task performance in a dual-task paradigm. 
Spontaneous EDA (e.g., bottom-up attentional capture by 
salient perceptual stimuli) during the delay period of a 
working memory task also acts as a distractor and impairs 
performance (Chein, Moore, & Conway, 2011; Jarrold, Tam, 
Baddeley, & Harvey, 2010; Klauer & Zhao, 2004). However, 
how intentional IDA (e.g., directed thinking about future and 
past events) affects performance in a cognitive task still needs 
to be clarified. 
Neuroimaging evidence suggests a differential processing of 
internally and externally directed attention in the brain 
(Braboszcz & Delorme, 2011; Baird, Smallwood, Lutz, & 
Schooler, 2014; Kam, Solbakk, Endestad, Meling, & Knight, 
2018; Kam, Helfrich, Solbakk, Endestad, Larsson, Lin, & 
Knight, 2020). ERP studies have reported that internally 
directed attention in self-referential processing tasks elicits 
higher amplitude in late positive potentials (LPP) beyond 
350ms of stimulus presentation over frontal electrodes as 
compared to externally directed attention in a font judgment 
task (Katyal, Hajcak, Flora, Bartlett, Goldin, 2020; Magno & 
Allan, 2007; Mu & Han, 2010). In the frequency domain, 
internally directed attention increases power in the alpha 
band, while externally directed attention is accompanied by 
theta power increase (Kam et al., 2018; Mu & Han, 2010; 
O’Connell, Dockree, Robertson, Bellgrove, Foxe, & Kelly 
2009).  
Imaging studies have shown that EDA includes the activation 
of primary and associative sensory cortices to gather 
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information from the external world. The frontal eye fields 
(FEFs) and intraparietal sulcus (IPS) are essential in 
regulating external attention by enhancing the processing of 
behaviorally relevant spatial locations and sensory stimuli. 
(Corbetta & Shulman, 2002; Kastner, Pinsk, De Weerd, 
Desimone, & Ungerleider 1999). In addition to primary and 
associative areas, the lateral prefrontal cortex (lPFC) is 
shown to encode task-specific information of rules and 
modulate the processing in the sensory and motor cortices 
toward a common goal (Buschman & Miller, 2007; Braver, 
2012; Dixon et al., 2014; Miller & Cohen, 2001). IDA states 
involving self-referential processing activate areas of the 
default-mode network (DMN) (Davey, Pujol, & Harrison 
2016, Harrison et al., 2008), while episodic memory retrieval 
engages both DMN and medial temporal lobe (MTL) 
(Andrews-Hanna, Saxe, & Yarkoni, 2014; Kuhl, Johnson, & 
Chun, 2013). Interestingly, the lPFC is also reported to 
engage in mind-wandering (Stawarczyk, Majerus, Maquet, et 
al., 2011) and future planning (Spreng et al., 2010). Kam et 
al. reported that lesion in lPFC leads to dysregulation of both 
types of attention, thus making it an important region for 
internally and externally directed attention (2018). Therefore, 
the role played by the frontal regions in modulating both 
states of attention need to be studied further.  
The present study utilizes behavioral and EEG measures to 
understand how intentional internally directed attention 
affects the performance in a color recall working memory 
task. We have used a delayed-estimation color recall working 
memory paradigm with an intermediate processing task 
during the delay period. The processing in the intermediate 

task, which consists of processing a personality trait 
adjective, involves either internally or externally directed 
attention and is mediated using a cue at the start of the trial. 
First, we compared behavioral measures, including accuracy 
and reaction times, to assess the effects of internal and 
external directed attention during the delay period on the 
recall of the color. Subsequently, we compared the LPP in the 

event-related potentials to check if, based on the cue, 
participants processed the personality adjective differentially 
in the internally or externally directed attention condition. 
Finally, we compared the time-frequency response in the 
theta and alpha bands in internally and externally directed 
attention conditions. This was done to confirm if the 
manipulation of attention in the intermediate task with the cue 
is reflected in neural data. We hypothesized that the internally 
directed processing of the personality trait would lead to a 
higher amplitude of LPP beyond 350ms of stimulus 
presentation. We further hypothesized that IDA would lead 
to an increase in alpha power and EDA would lead to 
increased theta power. 

Methods 

Participants 

Nineteen participants (8 females and 11 males, mean age = 
25.7 years, SD = 2.09 years) participated in an EEG study. 
The inclusion criteria used to recruit participants were that 
they must have a university degree with English as the 
medium of instruction. All the participants reported normal 
or corrected-to-normal vision, were right-handed, and 
declared no history of neurological or psychiatric disorders. 
EEG Data of the first block of one participant was removed 
because of unidentifiable noise. All participants signed 
informed consent approved by the Institutional Human Ethics 
Committee (IHEC), National Brain Research Centre, India. 

Behavioral paradigm 

We designed a complex color-recall working memory task 
(see Figure 1). The task comprised two conditions cued by a 
word displayed in the center of the screen. After a variable 
delay, a personality adjective from a list of frequently used 
trait adjectives (Anderson, 1968) was presented in the center 
of the screen in a particular font color. In the EDA condition, 
cued by the word ‘vowel’, the participant had to count the 
number of vowels in the word and respond on a seven-point 
scale. Personality adjectives were restricted to having no 
more than 4 and no less than 2 vowels. This was done after 
piloting to equalize the reaction times of the rating task for 
the two conditions thus making the overall delay duration the 
same in both conditions. In the IDA condition, cued by the 
word ‘self’, the participant responded to the question ‘How 
much does this word describe your personality?’ on a seven-
point scale. After a fixed delay of one second, the participants 
were presented with a color wheel that probed their memory 
for font color. Instructions to the participants were to be as 
accurate and as quick as possible. In half of the trials 
randomly, after the response on the color wheel was taken, a 
thought probe was presented to sample thought content 
during the delay period prior to recall (Huijser et al., 2018). 
The thought probe is based on the question used by 
Stawarczyk et al., 2011; Unsworth and Robison, 2016; and 

  Figure 1: Behavioral paradigm. Each trial begins with a 
fixation, followed by a cue, either ‘Self’ or ‘Vowel.’ Then, 
after a variable fixation duration, a personality adjective is 
presented in a font color. They then respond to a question 
according to the cue on a 7-point scale. After a fixed delay of 
1 sec., a color wheel is presented to probe the word's font 
color. In half of the trials, a thought probe is presented at the 
end of the trial (see text for details). 
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Huijser et al., 2018. The question was, ‘What were you 
thinking before you were prompted to answer?’. The 
following options were given for response: 1. I tried to 
remember the color of the word; 2. I was still thinking about 
the word from the decision task; 3. I was evaluating the 
aspects of the task; 4. I was distracted by the environment or 
by my physical state; 5. I was daydreaming/ I thought of task-
unrelated things; 6. I was not paying attention, but I did not 
think about anything specific. 

Stimuli and procedure 

The experiment was designed in Matlab (The MathWorks, 
Inc., Natick, MA), using the Psychophysics Toolbox 
(Brainard, 1997; Kleiner et al, 2007; Kleiner, 2007; Pelli, 
1997) and displayed on a 22-inch LED monitor screen (75 
Hz; 1440 x 900 pixels) at a viewing distance of 
approximately 75 cm. The stimuli were presented on a gray 
background (128,128,128; RGB255) and all text was 
generated in 50pt. Arial font. The color wheel was designed 
in RGB color space with hue angles mapped on the spatial 
angles (a total of 360 hues from 0º to 360º, inner radius = 
6.44º, outer radius = 7.85º). The hue angle and spatial angle 
were kept constant throughout the experiment. The font color 
of the personality adjective was randomly selected from the 
360 hues of the color wheel. We presented a total of 120 
trials: 60 trials for each condition. The experiment was 
divided into 3 blocks of 40 trials each. There was a separate 
practice block of 12 trials with a different personality 
adjectives list. 

EEG data acquisition 

EEG and behavioral data were acquired in a sound-attenuated 
room, and the ambient light was kept the same in all the 
recording sessions. EEG was acquired at 1000Hz using a 64-
channel ActiChamp (Brain Products, Germany) with active 
electrodes for a better signal-to-noise ratio. The electrode 
placement used the 10% electrode placement system. The 
impedance was maintained below 15kΩ and checked before 
and after the experiment. Electrode FCz was taken as a 
reference while recording the data. The Psychtoolbox was 
synchronized to the EEG acquisition system by sending 
triggers through parallel ports from the computer used to 
present stimulus to the EEG data acquisition computer. 

Behavioral data analysis 

Color recall accuracy was assessed through angular error, 
while reaction times for both responses were analyzed. 
Angular error in color recall was calculated as the spatial 
angle difference between the color hue presented and the hue 
reported by the participant. We used the interquartile range 
(IQR) method to remove outlier responses in the color recall. 
IQR was calculated by subtracting the first quartile (Q1) from 
the third quartile (Q3). The normal angular error range was 
defined with a lower limit as Q1-1.5*IQR and an upper limit 
as Q3+1.5*IQR. Any response outside this range was 

considered an outlier and removed from further analysis. The 
non-uniformity of the circular data was tested using the 
Rayleigh test (Fisher, 1995). We then computed the 
concentration parameter kappa (𝜅) of the von Mises 
distribution, which is a measure of “precision”, using the 
circ_kappa function of the CircStat toolbox (Berens, 2009) 
using customized MATLAB scripts. Lower values of 𝜅 
reflect a more dispersed distribution and, thus, a lower 
accuracy in the color recall. Kappa and reaction times were 
analyzed statistically using the Wilcoxon signed-rank test. 
Similarly, accuracy in color recall was also computed within 
different conditions. In the IDA condition, accuracy was 
computed as a function of the level of self-reference based on 
the ratings on the adjective-personality fit scale. The 
responses were divided into three categories, i.e., Low self-
reference (rating of 0 and 1), Mid-self-reference (rating of 2, 
3, and 4), and high self-reference (rating of 5 and 6). In the 
EDA condition, accuracy was calculated as a function of the 
number of vowels in the personality adjective. For thought-
probe analysis, the response frequencies of each option were 
calculated. Consistent with Huijser et al., 2018, the response 
option 1 was labeled as on-task, option 2 as mental-
elaboration, option 3 as task-related interference, option 4 as 
external distraction, option 5 as mind-wandering, option 6 as 
inattentiveness. All the responses, excluding on-task, were 
referred to jointly as off-task. 

EEG data pre-processing and analysis 

EEG data was analyzed in Matlab using the EEGLAB 
toolbox (Delorme & Makeig, 2004) and custom scripts. Data 
was first downsampled to 250hz, high-pass filtered to 0.05hz, 
and low-pass filtered to 45hz. The data was then visually 
inspected to remove noisy segments and re-referenced using 
a common-average re-referencing scheme. We used the 
runica algorithm in the EEGLAB to perform independent 
component analysis (ICA). Components were inspected 
visually and the components corresponding to ocular and 
muscle artifacts were removed (mean number of components 
removed = 3.76; standard deviation = 2.0). To compute 
event-related potentials (ERP), we epoch the segment 500ms 
preceding the stimulus and 1200ms after the onset of the 
stimulus (personality adjective). The pre-stimulus duration (-
500 to 0ms) was used as a baseline for baseline subtraction. 
Decoding analysis was done using the ERPLAB toolbox 
(Lopez-Calderon & Luck, 2014), where time series from all 
63 electrodes and all the time points were used to train a 
support vector machine. We used three cross-validation 
blocks, and this procedure was repeated 100 times. To 
determine a single classifier accuracy score for every 
participant, we then averaged the accuracy attained for each 
iteration. Since there were only two conditions, the 
theoretical chance level was 50%. Event-related spectral 
perturbation was computed using the newtimef function of the 
EEGLAB toolbox. The data was decomposed in a time-
frequency domain across a frequency range from 3hz to 40hz 
using a complex Morlet wavelet. For the epoch 
corresponding to the presentation of personality adjective, the 
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number of cycles in the wavelet increased linearly from 2 Hz 
at the lowest frequency to 12.5 Hz at the highest frequency. 
Baseline correction was applied by subtracting the mean 
power in the pre-stimulus (-400 to 0ms) from the power in 
the post-stimulus. We tested for statistical significance in 
ERP using paired t-test and permutation testing with false-
discovery rate (FDR) correction for multiple comparisons. In 
the time-frequency analysis, we used the fieldtrip toolbox’s 
ft_statistics_montecarlo function along with cluster 
correction for multiple comparisons to estimate time-
frequency clusters that were significantly different between 
conditions. We computed 10000 permutations, and the false 
positive (alpha) threshold was kept at 0.05 in all the statistical 
analyses. 

Results 

Behavioral results 

The results showed lower accuracy for color recall in the IDA 
condition (Wilcoxon signed-rank test, Z = -1.97; p<0.05; see 
Figure 2a). As intended, the participants' reaction time in the 
rating task was not significantly different between the 
conditions (Wilcoxon signed-rank test, Z = 1.28; p = 0.19; 
see Figure 2c). The reaction time in the color recall was also 
not significantly different between the conditions (Wilcoxon 
signed-rank test, Z = 1.20; p = 0.22; see Figure 2d). Thought-

probe analysis revealed that participants were more off-task 
during the IDA condition (χ2 (5) = 10.81; p = 0.055; see 
Figure 2e). The frequency of mental elaboration of the 
personality adjective in the delay period was higher in the 
IDA condition.  
Within the IDA condition, there was no significant difference 
in color-recall accuracy in low, mid, and high-self-reference 
rating trials (χ2 (2) = 4.65, p = 0.10; see Figure 2b). The 
accuracy in color recall did not differ significantly in the 
EDA condition, where the number of vowels in the 
personality adjectives increased from two to four (χ2 (2) = 
0.72, p = 0.69). Reaction times in the rating task in low, mid, 
and high-self-reference rating trials were not significantly 
different (Kruskal-Wallis chi-squared, χ2(2) = 4.65, p = 
0.097) however, in the EDA condition, reaction time in rating 
task with four number of vowels was significantly higher than 
the trials in which personality adjective has two and three 
vowels (χ2(2) = 25.26, p <0.0001). This might result from 
increased cognitive load with the increasing number of 
vowels. 

Event-related potentials 

Motivated by the lower accuracy for color recall in the IDA 
condition, ERPs were computed for the encoding epoch and 
compared between the conditions (EDA vs. IDA). The late 
positive potentials (LPP) over frontal sensors post 450ms of 
the stimulus onset (Katyal et al., 2020; Naumann et al., 1992; 
Schupp et al., 2000) showed significantly higher amplitude in 
the IDA condition compared to that in the EDA condition (t 

(18) > 2, p < 0.05; see Figure 3). The P200 component did 
not differ significantly between the conditions (t (18) = 1.06, 

Figure 2: Overview of the behavioral results. a) 
Participants performed better in EDA condition. b) No 
significant difference in accuracy as a function of self-
reference; thus, no self-reference effect observed. c) No 
significant difference in reaction time in the rating task. d) 
No significant difference in reaction time in color recall. e) 
Percentage response on different options in thought-probe; 
higher mental elaboration of a word in the IDA condition. 

 Figure 3: Event-related potential during encoding the 
word. The upper panel shows the voltage at the frontal 
channel (F2 plotted for representation). The lower panel 
shows the voltage at posterior channels (Pz plotted for 
representation). Black bars below the ERP plots statistically 
significant differences. Topo-plots show instantaneous 
voltage at 750 ms in different conditions. 
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p = 0.32). Over the parietal sensors, we observed a reverse 
trend where the amplitude of the LPPs was higher in the EDA 
condition than in the IDA condition (t (18) = -3.25, p = 0.08). 
We also performed the decoding analysis with the time series 
from the word encoding epoch. Interestingly, the decoding 
accuracy was above the chance level consistently post 350ms 
(group-averaged decoding accuracy>65%). 

Time-frequency differences 

Next, we tested for time-frequency differences in the two 
conditions in the personality adjective encoding epoch and 
the delay period prior to the color recall. Taking cues from 
the ERP results reported in the previous section, we focused 
our analysis on frontal and parietal electrodes for the 
encoding epoch. During the encoding epoch, significantly (p 
< 0.05) higher event-related desynchronization (ERD) was 
observed in the alpha band (8-12 Hz) over frontal sensors (Fz, 
F2, F1; see Figure 4a) in IDA condition around 300-500ms 
post-stimulus presentation. A significantly higher event-
related synchronization (ERS) was observed in the theta band 
(4-8 Hz) and beta band (18-23 Hz) at 600-800ms post-
stimulus presentation in the EDA condition. In the delay 
period prior to color-recall, significantly higher theta ERS 
was observed over mid-frontal electrodes in the EDA 
condition at around 100-250ms post-onset of the delay period 
(see Figure 4b). 

 
Figure 4: Time-frequency differences in encoding and 

delay epochs. a) Event-related spectral perturbations in 
encoding epoch. Higher theta event-related synchronization 
(ERS) in the EDA condition at 500-800ms; higher event-
related desynchronization (ERD) in the alpha band in the IDA 
condition at 300-600ms; higher beta ERS in the EDA 
condition. b) Higher theta band ERS in EDA condition during 
the delay period. The right-most plot shows significance at 
p<0.05. 

Over the occipito-parietal electrodes (P5, PO7) and the right-
frontal electrodes (F4, F6), the alpha band ERS was 
significantly higher at 300-400ms in the delay period before 
color recall in the IDA condition (see Figure 5). 

 
Figure 5: Topo plot showing higher alpha power during 

the delay period in IDA conditions. The right-most plot 
shows significant sensors in red. 

Discussion 

Our study investigated behavioral and neural correlates of the 
effect of internally directed attention on color recall in a dual-
task working memory paradigm. We observed that the 
participants were less accurate in recalling the color in the 
IDA condition than in the EDA condition, where the distracto 
r task required external or stimulus-directed attention. These 
results are in line with other studies (Daamen et al., 2016; 
Huijser et al., 2018) and support the claim that IDA 
processing distractor tasks can lead to more off-task thoughts, 
thus impairing the rehearsal process and lead to lower 
accuracy as compared to EDA processing distractor task. The 
time spent on the distractor task was not significantly 
different between the conditions, thus keeping the overall 
delay duration consistent between the conditions. This 
implies that the differential effect on recall accuracy cannot 
be attributed to different delay timings and is likely due to the 
nature of processing itself. Consistent with Huijser et al., 
2018, we kept the thought probe in half of the trials to sample 
the effect of IDA/EDA processing during the distractor task. 
We found that participants were more off-task in the delay 
period following the IDA processing task in the IDA 
condition. 
Since our IDA condition required the participant to process 
the personality adjective in self-reference, we checked for the 
self-referential effect both between conditions and within the 
IDA condition. Self-referential information is processed 
preferentially than non-self-referential information, leading 
to better recall performance, known as the self-reference 
effect. The reason for such an effect is that self-reference 
leads to a rich encoding, both in the depth of processing and 
syntactic processing, and thus functions effectively during 
information processing (Rogers et al., 1977). Our study did 
not find the self-reference effect in the IDA condition 
compared to the EDA condition. One possible explanation 
could be that the self-generated thoughts that emerged after 
the IDA processing in the IDA condition interfered with the 
color rehearsal during the delay period before the color recall. 
This idea is also supported by the fact that the participants 
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reported more mental elaboration of the personality adjective 
in the IDA condition than in the EDA condition. 
In the IDA condition, processing the personality adjective in 
self-references, as cued at the beginning of the trial, leads to 
higher amplitudes of the late-positive potentials (LPP) post 
450ms of stimulus onset over the medial frontal electrodes. 
LPP are linked to the sustained attentional and emotional 
engagement with the stimulus (Dennis & Hajcak, 2009; 
Hajcak, Dunning, & Foti, 2009; Katyal et al., 2020). 
However, in the EDA condition, the amplitude over the 
medial-frontal electrodes reached baseline after 450ms. Thus, 
we observed sustained processing of personality adjectives in 
the IDA condition over medial-frontal electrodes compared 
to the EDA condition. The P200 component, which is thought 
to reflect automatic semantic processing (Crowley & Colrain, 
2004; Foti et al., 2009; Paulmann et al., 2013), was not 
significantly different between the conditions, suggesting 
that early-stage processing of the word in both conditions 
might not be different. Only the later processing stages 
beyond 450ms (LPPs) might contribute to the differential 
effects in behavior. 
These results align with the time-course model proposed by 
Grainger and Holcomb (2009). Considering the ERP 
literature, the model suggests that the visual word is 
processed semantically only after 400ms of presentation. We 
further carried out decoding analysis using the EEG time 
series from all the electrodes and observed that the 
classification accuracy was above the chance level only after 
350ms of stimulus presentation. Thus, as suggested by higher 
amplitude of the LPP and decoding analysis, we speculate 
that in the IDA condition, the personality adjective is being 
processed affectively compared to the EDA condition and 
this might be the reason for higher mental elaboration of the 
word during the delay period thus affecting the color recall. 
Interestingly, we found a reversed trend over the posterior 
electrodes: beyond 400 milliseconds, the amplitude in the 
EDA condition was significantly higher compared to the IDA 
condition.  
We further looked for the oscillatory changes in encoding the 
word in the two conditions. As hypothesized based on the 
literature, we observed higher theta power in the EDA 
condition during encoding of the personality adjective. We 
observed higher event-related desynchronization (ERD) in 
the alpha band while encoding the word in the IDA condition. 
The alpha band ERD is a signature of general attentional 
demand and active cognitive processing in contrast to alpha 
band ERS, which reflects a state of inhibition helping to 
establish a highly selective activation pattern (Klimesch et 
al., 2007; Mu & Han, 2010). 
The extant literature suggests that frontal theta is involved in 
successful working memory manipulations and is a 
mechanism of cognitive control (Cavanagh & Frank, 2014; 
Itthipuripat et al., 2012). During the delay period prior to the 
recall of the color, we observed higher amplitude in the theta 
band in the EDA condition, which is likely responsible for 
higher accuracy of color recall compared to the IDA 
condition. Further, we also observed an increase in alpha 

power over posterior sensors during the delay period in the 
IDA condition. This alpha increase, as a signature of internal 
attention (Kam et al., 2018; O’Connell et al., 2009), coupled 
with an increased frequency of self-reported off-task 
thoughts suggests that the participants engaged in internally 
directed attention during the IDA condition which likely 
decreased the accuracy of color recall. 

Conclusion 
Our study combined behavioral, experience sampling, and 
electrophysiological measurements in a triangulation 
approach. We manipulated attention experimentally in a 
color-recall working memory paradigm. By using intentional 
externally directed attention as a comparison, we 
demonstrated that intentional internally directed attention has 
a greater impact on cognitive task performance than 
externally directed attention. Further, we used ERP and time-
frequency analysis to validate our experimental paradigm. 
However, further analysis is required to establish the causal 
role of neural oscillation involved in intentional IDA 
distractor condition. 

Acknowledgments 
NBRC Core funds supported this study. AB was supported 
by NBRC Flagship program, Department of Biotechnology, 
Government of India, Award ID: BT/MED-
III/NBRC/Flagship/Flagship2019. DR was supported by 
SERB Core Research Grant (CRG) S/SERB/DPR/20230033 
extramural grant from the Department of Science and 
Technology, Ministry of Science and Technology, Govt. 
India.  

1681



7 

References  

Anderson, N. H. (1968). Likableness ratings of 555 
personality-trait words. Journal of Personality and Social 
Psychology, 9(3), 272–279. 
https://doi.org/10.1037/h0025907 

Andrews-Hanna, J. R., Saxe, R., & Yarkoni, T. (2014). 
Contributions of episodic retrieval and mentalizing to 
autobiographical thought: Evidence from functional 
neuroimaging, resting-state connectivity, and fMRI meta-
analyses. NeuroImage, 91, 324–335. 
https://doi.org/10.1016/j.neuroimage.2014.01.032 

Baird, B., Smallwood, J., Lutz, A., & Schooler, J. W. 
(2014). The decoupled mind: Mind-wandering disrupts 
cortical phase-locking to perceptual events. Journal of 
Cognitive Neuroscience, 26(11), 2596–2607. 
https://doi.org/10.1162/jocn_a_00656 

Berens, P. (2009). CircStat: AMATLABToolbox for 
circular statistics. Journal of Statistical Software, 31(10). 
https://doi.org/10.18637/jss.v031.i10 

Braboszcz, C., & Delorme, A. (2011). Lost in thoughts: 
Neural markers of low alertness during mind wandering. 
NeuroImage, 54(4), 3040–3047. 
https://doi.org/10.1016/j.neuroimage.2010.10.008 

Brainard, D. H. (1997). The psychophysics toolbox. Spatial 
Vision, 10(4), 433–436. 
https://doi.org/10.1163/156856897x00357 

Braver, T. S. (2012). The variable nature of cognitive 
control: A dual mechanisms framework. Trends in 
Cognitive Sciences, 16(2), 106–113. 
https://doi.org/10.1016/j.tics.2011.12.010 

Buschman, T. J., & Miller, E. K. (2007). Top-Down versus 
bottom-up control of attention in the prefrontal and 
posterior parietal cortices. Science, 315(5820), 1860–
1862. https://doi.org/10.1126/science.1138071 

Cavanagh, J. F., & Frank, M. J. (2014). Frontal theta as a 
mechanism for cognitive control. Trends in Cognitive 
Sciences, 18(8), 414–421. 
https://doi.org/10.1016/j.tics.2014.04.012 

Chein, J. M., Moore, A. B., & Conway, A. R. A. (2011). 
Domain-general mechanisms of complex working 
memory span. NeuroImage, 54(1), 550–559. 
https://doi.org/10.1016/j.neuroimage.2010.07.067 

Chun, M. M., Golomb, J. D., & Turk-Browne, N. B. (2011). 
A taxonomy of external and internal attention. Annual 
Review of Psychology, 62(1), 73–101. 
https://doi.org/10.1146/annurev.psych.093008.100427 

Corbetta, M., & Shulman, G. L. (2002). Control of goal-
directed and stimulus-driven attention in the brain. Nature 
Reviews Neuroscience, 3(3), 201–215. 
https://doi.org/10.1038/nrn755 

Crowley, K. E., & Colrain, I. M. (2004). A review of the 
evidence for P2 being an independent component process: 
Age, sleep and modality. Clinical Neurophysiology, 
115(4), 732–744. 
https://doi.org/10.1016/j.clinph.2003.11.021 

Daamen, J., Van Vugt, M. K., & Taatgen, N. A. (2016). 

Measuring and modeling distraction by self-referential 
processing in a complex working memory task. 
Proceedings of the 38th Annual Meeting of the Cognitive 
Science Society, CogSci 2016, 2147–2152. 

Davey, C. G., Pujol, J., & Harrison, B. J. (2016). Mapping 
the self in the brain’s default mode network. NeuroImage, 
132, 390–397. 
https://doi.org/10.1016/j.neuroimage.2016.02.022 

Dennis, T.A. and Hajcak, G. (2009). The late positive 
potential: a neurophysiological marker for emotion 
regulation in children. Journal of Child Psychology and 
Psychiatry, 50: 1373-1383. https://doi.org/10.1111/j.1469-
7610.2009.02168.x 

Delorme, A., & Makeig, S. (2004). EEGLAB: An open 
source toolbox for analysis of single-trial EEG dynamics 
including independent component analysis. Journal of 
Neuroscience Methods, 134(1), 9–21. 
https://doi.org/10.1016/j.jneumeth.2003.10.009 

Dixon, M. L., Fox, K. C. R., & Christoff, K. (2014). A 
framework for understanding the relationship between 
externally and internally directed cognition. 
Neuropsychologia, 62, 321–330. 
https://doi.org/10.1016/j.neuropsychologia.2014.05.024 

Fisher, N. I. (1995). Statistical analysis of circular data. 
Cambridge University Press. 

Foti, D., Hajcak, G., & Dien, J. (2009). Differentiating 
neural responses to emotional pictures: Evidence from 
temporal‐spatial PCA. Psychophysiology, 46(3), 521–530. 
https://doi.org/10.1111/j.1469-8986.2009.00796.x 

Grainger, J., & Holcomb, P. J. (2009a). Watching the Word 
Go by: On the Time‐course of Component Processes in 
Visual Word Recognition. Language and Linguistics 
Compass, 3(1), 128–156. https://doi.org/10.1111/j.1749-
818x.2008.00121.x 

Grainger, J., & Holcomb, P. J. (2009b). Watching the Word 
Go by: On the Time‐course of Component Processes in 
Visual Word Recognition. Language and Linguistics 
Compass, 3(1), 128–156. https://doi.org/10.1111/j.1749-
818x.2008.00121.x 

Hajcak, G., Dunning, J. P., & Foti, D. (2009). Motivated 
and controlled attention to emotion: time-course of the 
late positive potential. Clinical neurophysiology : official 
journal of the International Federation of Clinical 
Neurophysiology, 120(3), 505–510. 
https://doi.org/10.1016/j.clinph.2008.11.028 

Harrison, B. J., Pujol, J., López-Solà, M., Hernández-Ribas, 
R., Deus, J., Ortiz, H., Soriano-Mas, C., Yücel, M., 
Pantelis, C., & Cardoner, N. (2008). Consistency and 
functional specialization in the default mode brain 
network. Proceedings of the National Academy of 
Sciences, 105(28), 9781–9786. 
https://doi.org/10.1073/pnas.0711791105 

Huijser, S., van Vugt, M. K., & Taatgen, N. A. (2018). The 
wandering self: Tracking distracting self-generated 
thought in a cognitively demanding context. 
Consciousness and Cognition, 58, 170–185. 
https://doi.org/10.1016/j.concog.2017.12.004 

1682



8 

Itthipuripat, S., Wessel, J. R., & Aron, A. R. (2012). Frontal 
theta is a signature of successful working memory 
manipulation. Experimental Brain Research, 224(2), 255–
262. https://doi.org/10.1007/s00221-012-3305-3 

Jarrold, C., Tam, H., Baddeley, A. D., & Harvey, C. E. 
(2010). The nature and position of processing determines 
why forgetting occurs in working memory tasks. 
Psychonomic Bulletin &amp; Review, 17(6), 772–777. 
https://doi.org/10.3758/pbr.17.6.772 

Kam, J. W. Y., & Handy, T. C. (2014). Differential 
recruitment of executive resources during mind 
wandering. Consciousness and Cognition, 26, 51–63. 
https://doi.org/10.1016/j.concog.2014.03.002 

Kam, J. W. Y., Helfrich, R. F., Solbakk, A.-K., Endestad, 
T., Larsson, P. G., Lin, J. J., & Knight, R. T. (2020). Top–
Down attentional modulation in human frontal cortex: 
Differential engagement during external and internal 
attention. Cerebral Cortex, 31(2), 873–883. 
https://doi.org/10.1093/cercor/bhaa262 

Kam, J. W. Y., Solbakk, A.-K., Endestad, T., Meling, T. R., 
& Knight, R. T. (2018). Lateral prefrontal cortex lesion 
impairs regulation of internally and externally directed 
attention. NeuroImage, 175, 91–99. 
https://doi.org/10.1016/j.neuroimage.2018.03.063 

Kane, M. J., & McVay, J. C. (2012). What mind wandering 
reveals about executive-control abilities and failures. 
Current Directions in Psychological Science, 21(5), 348–
354. https://doi.org/10.1177/0963721412454875 

Kastner, S., Pinsk, M. A., De Weerd, P., Desimone, R., & 
Ungerleider, L. G. (1999). Increased activity in human 
visual cortex during directed attention in the absence of 
visual stimulation. Neuron, 22(4), 751–761. 
https://doi.org/10.1016/s0896-6273(00)80734-5 

Katyal, S., Hajcak, G., Flora, T., Bartlett, A., & Goldin, P. 
(2020). Event-related potential and behavioural 
differences in affective self-referential processing in long-
term meditators versus controls. Cognitive, Affective, 
&amp; Behavioral Neuroscience, 20(2), 326–339. 
https://doi.org/10.3758/s13415-020-00771-y 

Killingsworth, M. A., & Gilbert, D. T. (2010). A wandering 
mind is an unhappy mind. Science, 330(6006), 932–932. 
https://doi.org/10.1126/science.1192439 

Klauer, K. C., & Zhao, Z. (2004). Double dissociations in 
visual and spatial short-term memory. Journal of 
Experimental Psychology: General, 133(3), 355–381. 
https://doi.org/10.1037/0096-3445.133.3.355 

Klimesch, W., Sauseng, P., & Hanslmayr, S. (2007). EEG 
alpha oscillations: The inhibition–timing hypothesis. 
Brain Research Reviews, 53(1), 63–88. 
https://doi.org/10.1016/j.brainresrev.2006.06.003 

Kuhl, B. A., Johnson, M. K., & Chun, M. M. (2013). 
Dissociable neural mechanisms for goal-directed versus 
incidental memory reactivation. The Journal of 
Neuroscience, 33(41), 16099–16109. 
https://doi.org/10.1523/jneurosci.0207-13.2013 

Lopez-Calderon, J., & Luck, S. J. (2014). ERPLAB: An 
open-source toolbox for the analysis of event-related 

potentials. Frontiers in Human Neuroscience, 8. 
https://doi.org/10.3389/fnhum.2014.00213 

Magno, E., & Allan, K. (2007). Self-Reference during 
explicit memory retrieval. Psychological Science, 18(8), 
672–677. https://doi.org/10.1111/j.1467-
9280.2007.01957.x 

Miller, E. K., & Cohen, J. D. (2001). An integrative theory 
of prefrontal cortex function. Annual Review of 
Neuroscience, 24(1), 167–202. 
https://doi.org/10.1146/annurev.neuro.24.1.167 

Mu, Y., & Han, S. (2010). Neural oscillations involved in 
self-referential processing. NeuroImage, 53(2), 757–768. 
https://doi.org/10.1016/j.neuroimage.2010.07.008 

Naumann, E., Bartussek, D., Diedrich, O., & Laufer, M. 
(1992). Assessing cognitive and affective information 
processing functions of the brain by means of the late 
positive complex of the event-related potential. Journal of 
Psychophysiology, 6(4), 285–298. 

O’Connell, R. G., Dockree, P. M., Robertson, I. H., 
Bellgrove, M. A., Foxe, J. J., & Kelly, S. P. (2009). 
Uncovering the Neural Signature of Lapsing Attention: 
Electrophysiological Signals Predict Errors up to 20 s 
before They Occur. Journal of Neuroscience, 29(26), 
8604–8611. https://doi.org/10.1523/jneurosci.5967-
08.2009 

Paulmann, S., Bleichner, M., & Kotz, S. A. (2013). Valence, 
arousal, and task effects in emotional prosody processing. 
Frontiers in Psychology, 4. 
https://doi.org/10.3389/fpsyg.2013.00345 

Pelli, D. G. (1997). The VideoToolbox software for visual 
psychophysics: Transforming numbers into movies. 
Spatial Vision, 10(4), 437–442. 
https://doi.org/10.1163/156856897x00366 

Rogers, T. B., Kuiper, N. A., & Kirker, W. S. (1977). Self-
reference and the encoding of personal information. 
Journal of Personality and Social Psychology, 35(9), 
677–688. https://doi.org/10.1037//0022-3514.35.9.677 

Rummel, J., & Boywitt, C. D. (2014). Controlling the 
stream of thought: Working memory capacity predicts 
adjustment of mind-wandering to situational demands. 
Psychonomic Bulletin &amp; Review, 21(5), 1309–1315. 
https://doi.org/10.3758/s13423-013-0580-3 

Schupp, H. T., Cuthbert, B. N., Bradley, M. M., Cacioppo, 
J. T., Ito, T., & Lang, P. J. (2000). Affective picture 
processing: The late positive potential is modulated by 
motivational relevance. Psychophysiology, 37(2), 257–
261. https://doi.org/10.1111/1469-8986.3720257 

Smallwood, J., McSpadden, M., & Schooler, J. W. (2008). 
When attention matters: The curious incident of the 
wandering mind. Memory &amp; Cognition, 36(6), 1144–
1150. https://doi.org/10.3758/mc.36.6.1144 

Spreng, R. N., Stevens, W. D., Chamberlain, J. P., Gilmore, 
A. W., & Schacter, D. L. (2010). Default network 
activity, coupled with the frontoparietal control network, 
supports goal-directed cognition. NeuroImage, 53(1), 
303–317. 
https://doi.org/10.1016/j.neuroimage.2010.06.016 

1683



9 

Stawarczyk, D., Majerus, S., Maj, M., Van der Linden, M., 
& D’Argembeau, A. (2011). Mind-wandering: 
Phenomenology and function as assessed with a novel 
experience sampling method. Acta Psychologica, 136(3), 
370–381. https://doi.org/10.1016/j.actpsy.2011.01.002 

Stawarczyk, D., Majerus, S., Maquet, P., & D’Argembeau, 
A. (2011). Neural correlates of ongoing conscious 
experience: Both task-unrelatedness and stimulus-
independence are related to default network activity. 
PLoS ONE, 6(2), e16997. 
https://doi.org/10.1371/journal.pone.0016997 

Unsworth, N., & Robison, M. K. (2016). Pupillary 
correlates of lapses of sustained attention. Cognitive, 
Affective, &amp; Behavioral Neuroscience, 16(4), 601–
615. https://doi.org/10.3758/s13415-016-0417-4 

Verschooren, S., Schindler, S., De Raedt, R., & Pourtois, G. 
(2019). Switching attention from internal to external 
information processing: A review of the literature and 
empirical support of the resource sharing account. 
Psychonomic Bulletin &amp; Review, 26(2), 468–490. 
https://doi.org/10.3758/s13423-019-01568-y 

1684




