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Abstract 27 

Neuroimaging data reveal that a functional locus coeruleus-noradrenaline (LC-NA) 28 

system is critical in maintaining cognitive performance during aging. However, older adults show 29 

reduced LC integrity and altered functional connectivity, demonstrating both structural declines 30 

and dysfunction. The LC-NA system mediates mechanisms of attention processing and eye 31 

tracking studies have shown that older adults are slower and more distractible compared with 32 

young adults in visual search tasks. Prior studies have shown that mindfulness meditation 33 

modulates LC noradrenergic activity, increases gray matter volume in the brainstem, and 34 

improves attentional control. Thus, in a preregistered longitudinal study, we investigated 35 

whether thirty days of guided mindfulness meditation using a mobile application improved 36 

attentional control measured with eye movements. We hypothesized that older adults would 37 

show greater benefits from the mindfulness intervention compared with young adults. In two 38 

oculomotor search tasks, we identified that guided mindfulness practice improved saccadic 39 

reaction times, but that other longitudinal benefits in goal-directed attentional control or 40 

distractibility by task-irrelevant salient stimuli may be from repeated practice. Furthermore, we 41 

did not find evidence for age differences in response to the mindfulness intervention between 42 

young, middle-aged, and older adults, nor among scores on mindfulness questionnaires. Our 43 
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findings show that short-term mindfulness practice can modulate cognition, specifically with the 44 

speed of overt orienting of attention, that may not be observable in self-report measures. This 45 

study is the first to show the utility of mindfulness on cognition using a highly reliable measure in 46 

eye movements and suggests future longer term intervention studies may be warranted. 47 

 48 

Key words: Aging; Locus Coeruleus; Mindfulness Meditation; Attentional Control; Visual Search 49 

 50 

 51 

Significance Statement: In a preregistered study, we investigated whether thirty days of 52 

guided mindfulness meditation can improve mechanisms of attentional control measured with 53 

eye tracking. We identified that mindfulness improved saccadic reaction times but found that the 54 

benefits did not differentially affect young, middle-aged, or older adults. Our findings reveal that 55 

short-term mindfulness practice can improve attention processing in ways that may not be 56 

observable in self-report questionnaires.  57 

 58 

Introduction 59 

 The locus coeruleus (LC) is the brain’s primary source of noradrenaline and a functional 60 

locus coeruleus-noradrenaline (LC-NE) system is fundamental for healthy aging (Clewett et al., 61 

2016; Mather & Harley, 2016; Takahashi et al., 2015; Wilson et al., 2013). The earliest signs of 62 

Alzheimer’s tau pathology disease progression are found in the LC (Braak et al., 2011; Braak & 63 

Del Tredici, 2015; Mravec et al., 2014) and postmortem investigations of patients with 64 

neurodegenerative pathologies have found that LC cell death and the spread of neurofibrillary 65 

tangles are correlated with cognitive impairments (Matthews et al., 2002; Nelson et al., 2012; 66 
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Theofilas et al., 2017). In human neuroimaging studies, researchers have taken advantage of 67 

the different magnetic properties in LC noradrenaline neurons to quantify LC structure (Betts et 68 

al., 2019; Liu et al., 2017) and found reduced LC MRI contrast in older adults is associated with 69 

poorer cognitive functioning (Cassidy et al., 2022; Clewett et al., 2016; Dahl et al., 2019, 2022, 70 

2023; Hämmerer et al., 2018; Liu et al., 2020) and increased risk for mild cognitive impairment 71 

and neurodegenerative diseases (Elman et al., 2021; Sommerauer et al., 2018). Furthermore, 72 

older adults show altered functional connectivity in frontoparietal regions with the LC (Lee et al., 73 

2018; S. Zhang et al., 2016) and decreased structural LC MRI contrast in older adults is 74 

associated with reduced structural thickness in frontoparietal regions (Bachman et al., 2021) 75 

indicating noradrenaline dysfunction in the aging LC is associated with changes in cortical 76 

attention networks. Tonic noradrenergic activity has been hypothesized to increase in the older 77 

brain as a compensatory mechanism (Elman et al., 2017; Gannon & Wang, 2019; Mather, 2020; 78 

Weinshenker, 2018). However, this noradrenergic hyperactivity hypothesis has not been 79 

confirmed.   80 

 The LC has numerous projections to the prefrontal cortex that facilitate executive 81 

functions including attention (Aston-Jones et al., 1999, 2000; Bouret & Sara, 2004; McGaughy 82 

et al., 2008; Reynaud et al., 2019). Optogenetic stimulation of the LC improves visual attention 83 

performance in rhesus monkeys (Ghosh & Maunsell, 2022a) and modulates goal-directed 84 

attention in rodents (Bari et al., 2020). Conversely, pharmacologically inhibiting noradrenaline 85 

secretion impairs attentional control in multiple tasks (Chamberlain & Robbins, 2013). These 86 

converging findings demonstrate that LC noradrenaline activity directly modulates attention 87 

selectivity. In humans, noradrenaline facilitates functional switching between the dorsal and 88 

ventral networks of attention (Bouret & Sara, 2005; Corbetta et al., 2008). Furthermore, the 89 

firing frequency of LC neurons can be modulated by changes in arousal states (Aston-Jones & 90 

Cohen, 2005; Chandler, 2016; Valentino & Van Bockstaele, 2008) and these differences in 91 
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noradrenaline discharge rates differentially facilitates cognitive behavior including attention 92 

performance (Aston-Jones et al., 1999; Sara & Bouret, 2012). Interestingly, young adults 93 

demonstrate a benefit in attentional selectivity in conjunction with increased frontoparietal 94 

network activation under elevated arousal, but older adults failed to show these improvements 95 

(Lee et al., 2018). Older adults also show deficiencies in multiple mechanisms of attentional 96 

control including goal-directed target selection, reactive disengagement of task-irrelevant 97 

stimuli, and delayed attention processing speeds (Kim, Senior, et al., 2024). Based on these 98 

findings, we hypothesize that older adults exhibit tonic noradrenergic hyperactivity and that this 99 

altered state is facilitating sub-optimal attentional control. 100 

 Meditation is a popular mental practice that reduces arousal, stress, and improves 101 

mental and physical health (Goyal et al., 2014). In particular, mindfulness meditation focuses on 102 

the present body and is aimed to improve self-regulatory processes such as attentional control 103 

(Jha et al., 2007; Mirabito & Verhaeghen, 2023; Sumantry & Stewart, 2021). Prior research has 104 

found that mindfulness-based techniques such as integrative body-mind training (IBMT) and 105 

mindfulness-based stress reduction (MBSR) can improve alerting and orienting (Chiesa et al., 106 

2011) by enhancing neural activity in the anterior cingulate cortex, prefrontal cortex, and 107 

striatum (Tang et al., 2015). In addition, pretest-training-posttest mindfulness meditation 108 

intervention protocols affect the structure and function of neural networks modulating executive 109 

functions (Gallant, 2016). With regards to the LC, meditation has been shown to modulate 110 

noradrenergic activity via respiratory coupling (Craigmyle, 2013; Melnychuk et al., 2018) and to 111 

increase gray matter concentration in the brainstem and the locus coeruleus (Singleton et al., 112 

2014; Vestergaard-Poulsen et al., 2009; Yuan et al., 2020), suggesting a potential for 113 

mindfulness meditation interventions to restore disrupted neural connections of the LC.  114 

 We hypothesize that noradrenergic dysfunction in older adults is characterized by 115 

elevated tonic discharge and contributing to sub-optimal attentional control. In this study, we 116 
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implemented a thirty-day mindfulness meditation intervention to reduce arousal, lower tonic 117 

noradrenergic activity, and thus recover disrupted mechanisms of attentional control. We 118 

predicted that the intervention would improve mechanisms of attentional control compared to 119 

the control group and that older adults would show significantly more improvements compared 120 

with young adults.  121 

Material and Methods  122 

Power Analyses and Participants 123 

To our knowledge, there are no prior investigations into the effects of mindfulness 124 

meditation intervention on attentional control measured through eye movements. However, 125 

Champion et al. (2018) used a similar mindfulness meditation intervention protocol as proposed 126 

in this study (Headspace application usage for four weeks) and found within-group effect sizes 127 

for participants who completed the mindfulness intervention to be d = 0.65, 0.83, and 0.79 for 128 

self-reported psychosocial outcomes (Champion et al., 2018). Furthermore, meta analyses 129 

examining effects of meditation on attention outcomes have found a range of effect sizes 130 

including d = 0.630 (Eberth & Sedlmeier, 2012), d = 0.580 (Sedlmeier et al., 2012), and 3-level 131 

estimate of Hedge’s g = .171 (Sumantry & Stewart, 2021). Based on the effect sizes for our 132 

mindfulness meditation intervention protocol and prior effects of meditation on attention 133 

outcomes, we elected to conservatively power our study to be able to detect small-to-medium 134 

effect sizes (f = 0.15; Cohen, 2016) in our planned repeated-measures ANOVA analyses 135 

investigating age differences in the effects of the mindfulness meditation intervention on our 136 

measures of attentional control. In a similar oculomotor visual search task (B. A. Anderson & 137 

Kim, 2019), oculomotor capture by a high-value task-irrelevant distractor showed high test-138 

retest reliability over two visits (r = .798), which was also a primary measure of interest in this 139 

study. Using G*Power 3.1, we computed that a sample size of 26 participants is required to 140 

observe within-between interaction effects at power (1-β) = 0.9 and α = 0.05 (number of groups 141 
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= 2, number of measurements = 6). We planned to recruit older adults aged 50-80 years old. 142 

However, given this wide age range and the likelihood of increased locus coeruleus dysfunction 143 

and Alzheimer’s diseases pathology with age, we planned to recruit an equal number of older 144 

adults who are aged 50-65 and 65-80 years old to conduct exploratory analyses between older 145 

adult groups. Regarding the primary measure of interest, a sample size of 20 participants is 146 

required to observe within-between interaction effects at power (1-β) = 0.8. 147 

 Based on our power analysis and to be sufficiently powered for exploratory analyses of 148 

differences within the two older cohorts, we proposed to recruit at least 26 young adults (YA), 20 149 

middle-aged adults aged 50-65 years old (mA), and 20 older adults aged 65-80 years old (OA) 150 

to complete the entire experiment. Half of the participants in each age group were randomly 151 

assigned to Groups A or B (see below for details). Data from participants who dropped out from 152 

the study after the second but before the third lab visit were included in the first set of analyses 153 

comparing Visit 1 and 2 performances across counterbalancing and age groups, but not in the 154 

analyses comparing post-meditation visits across age groups (n = 2). Young adults between the 155 

ages of 18-30 inclusive were recruited from the University subject pool for course credit and 156 

monetary compensation. Older adults aged 50-80 inclusive were recruited from the local 157 

communities for monetary compensation. During the initial in-lab visit, older adults were 158 

screened for cognitive dysfunction and functional health using the Montreal Cognitive 159 

Assessment (MoCA; Hobson, 2015). All study protocols were approved by the University 160 

Review Board and written informed consent was obtained from all participants prior to 161 

participation. Our final sample size comprised 28 young (mean age = 20.8, SE = 0.6; 24 female, 162 

4 male), 20 middle-aged (mean age = 60.4, SE = 1.0; 14 female, 6 male), and 21 older adults 163 

(mean age = 74.4, SE = 0.9; 13 female, 8 male).  164 

Experiment Procedure 165 
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Participants completed three lab visits and were randomly assigned to one of two groups 166 

using custom code (randomization with two groups and stratified by sex at birth). During each 167 

lab visit, participants completed the Mindful Attention Awareness Scale (MAAS; Brown & Ryan, 168 

2003) and the Five Facet Mindfulness Questionnaire (FFMQ; Baer et al., 2006). Group A 169 

completed the mindfulness meditation intervention between lab visits 1 and 2, and Group B 170 

completed the control intervention between lab visits 2 and 3 (see Figure 1A). During the active 171 

control intervention period, participants listened to an audio recording of a book (as in Zeidan et 172 

al., 2010, 2015). This experimental design allowed us to investigate the effects of mindfulness 173 

meditation training within-subjects while also counterbalancing the order of the intervention. 174 

During each lab visit, participants completed two oculomotor visual search tasks that evoke 175 

proactive mechanisms of distractor suppression (see Figures 1B and 1C) and reactive 176 

disengagement of salient distractors (see Figure 1D and 1E). Measuring eye movements during 177 

visual search allows assessment of the initiation, scanning, and verification time for attention 178 

processing and also interactions between top-down vs. bottom-up competing signals that 179 

cannot be distinguished from behavioral response times (Hollingworth & Bahle, 2020). In a prior 180 

study utilizing these two paradigms, adults made fewer goal-oriented saccades to the target, 181 

more reflexive saccades to the salient distractor when reactively disengaging but not when 182 

proactively inhibiting, and had longer dwell times and mean saccadic reaction times compared 183 

with young adults (Kim, Senior, et al., 2024). These measures of selective attention assess top-184 

down attentional control, distractibility, orienting and reorienting attention, and the timing in 185 

which eye movements are initiated which have been shown to be modulated by noradrenaline 186 

activity (Bari et al., 2020; Bouret & Richmond, 2015; Chamberlain & Robbins, 2013; Clark et al., 187 

1989; Coull et al., 2001; Dalley et al., 2001; Ghosh & Maunsell, 2022b; Lee et al., 2018, 2020; 188 

Logemann et al., 2014; Morrison & Foote, 1986; Sara & Bouret, 2012; Snyder et al., 2012). 189 

During each lab visit, participants completed the practice for task 1 (visual search requiring 190 

proactive distractor inhibition), three runs of task 1, completed the practice for task 2 (visual 191 

eNeuro Acce
pted M

an
uscr

ipt



 

search requiring reactive distractor disengagement), and three runs of task 2 (the order for tasks 192 

1 and 2 was counterbalanced across participants).  193 

At the end of each lab visit, participants were instructed to either complete the guided 194 

mindfulness training on the Headspace mobile application (Santa Monica, California, United 195 

States) or to listen to chapters of the novel “The Adventures of Pinocchio by Carlo Collodi” (Free 196 

audiobook recording in the public domain from Librivox; We originally proposed to use the novel 197 

“The Adventures of Huckleberry Finn” by Mark Twain” but realized some language in the novel 198 

could be distressing to participants, undermining the study. Thus, we reached out to the editor 199 

and received confirmation to switch audiobooks after Stage 1 in-principle acceptance.). 200 

Headspace is the highest rated and most popular application for practicing meditation on a 201 

mobile device (Mani et al., 2015; Mrazek et al., 2019; O’Daffer et al., 2022) and has 202 

demonstrated positive benefits for mental health in numerous mindfulness meditation 203 

intervention studies (Bennike et al., 2017; Björkstrand et al., 2019; Bostock et al., 2019; 204 

Champion et al., 2018; Economides et al., 2018; Flett et al., 2019; Kubo et al., 2018; Noone & 205 

Hogan, 2018). The benefits of mindfulness meditation training using the Headspace application 206 

have been validated after brief time periods (less than one week of use; Howarth et al., 2019; 207 

Tang et al., 2007; Zeidan et al., 2010) and is easy to use and accessible for older adults 208 

(Burgess et al., 2022; Champion et al., 2018; Mahlo & Windsor, 2021; Mani et al., 2015). The 209 

thirty-day intervention time period was chosen given its greater magnitude of benefits compared 210 

with ten days of intervention (Champion et al., 2018) but higher participant retention compared 211 

with 6 or 8 weeks of practice requirements (Bostock et al., 2019; Noone & Hogan, 2018; 212 

O’Daffer et al., 2022). When beginning the guided mindfulness meditation intervention, 213 

participants were provided a username and password with one-month subscription access to 214 

the Headspace application and were instructed to complete the “Basics” thirty-day course which 215 

contains ten to fifteen minutes of guided mindfulness meditation daily. This course comprises 216 
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guided meditation sessions designed by former Buddhist monk Andy Puddicombe and has 217 

previously been utilized as an optimal mindfulness intervention in research investigations 218 

(Champion et al., 2018; Mahlo & Windsor, 2021). Participants were informed that the 219 

experiment team will monitor their progress in the application and that the team would reach out 220 

if daily practice was not completed (see Compliance in Results). Previously, participants 221 

completing this mindfulness meditation intervention protocol averaged twenty-five sessions and 222 

~4 hours of application use across thirty days (Mahlo & Windsor, 2021). Participants were 223 

dropped from the study if they did not complete at least fifteen sessions and complied with 224 

experiment protocols. During the active control intervention period, participants were sent one 225 

chapter of the book to listen to daily via email. Each audio recording was 7-20 minutes long to 226 

mimic the length of the guided mindfulness meditation recordings. Participants were instructed 227 

to not engage in any other task while listening to the book chapter. 228 

To ensure at-home task adherence and quality control, participants were required to 229 

complete a brief survey and journal their daily experience immediately following completion of 230 

the daily intervention. Participants were provided a link to access an online form. The form 231 

asked participants to provide a rating from a scale of 1-10 on the following question: How would 232 

you rate the quality of your attention while completing today’s intervention? In addition, 233 

participants answered short open-ended questions. When completing the mindfulness 234 

intervention, participants answered the questions, “What was the mindfulness instructions you 235 

received today?” and “How was the experience of listening to the guided meditation?” When 236 

completing the active control condition, participants answered the questions, “What happened in 237 

today’s audiobook chapter in 1-2 sentences?” and “How was the experience of listening to the 238 

audiobook chapter?” Once the form was completed, a copy of the form was immediately sent to 239 

the investigators. If participants did not complete the survey or their answers showed no 240 
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adherence to the required daily intervention task, investigators followed up via phone call to the 241 

participants the following day. 242 

Apparatus 243 

 All in-lab tasks were completed on a custom-built NZXT desktop computer (NZXT, Los 244 

Angeles, CA, USA) equipped with MATLAB software (Mathworks, Natick, MA, USA) and 245 

Psychophysics Toolbox extensions (Brainard, 1997). Stimuli were presented on a Sun 246 

Microsystems 4472 (Oracle Corporation, Santa Clara, CA, USA) CRT monitor (85 Hz refresh 247 

rate). The participants viewed the monitor from 70 cm in a dimly lit, soundproof room. Eye-248 

tracking was conducted using the EyeLink 1000 Plus system (SR Research Ltd., Ottawa, 249 

Ontario, Canada) and head position was maintained using a manufacturer-provided chin rest 250 

(SR Research Ltd.). 251 

Stimuli and Task Design 252 

 Both visual search tasks consisted of a gaze-contingent fixation display, a visual search 253 

array, and an inter-trial interval (ITI; see Figure 1B-E). The fixation display consisted of a fixation 254 

cross (0.7° x 0.7° visual angle) at the center of the screen. The fixation display remained on 255 

screen until eye position was registered within 1.3° of the center of the fixation cross for a 256 

continuous period of 500 ms (Kim, Senior, et al., 2024; Kim & Anderson, 2022). The visual 257 

search array was presented for 2000 ms or until a fixation on the target was registered. If a 258 

target was not fixated within the timeout limit, the words “Eye Error” appeared in the center of 259 

the screen for 500 ms. Lastly, the ITI consisted of a blank screen for 1000 ms.  260 

The visual search array for task 1 (feature search) comprised four unique shapes: a 261 

circle, diamond, square, and a hexagon. In this task, participants searched for a feature specific 262 

target shape (circle or diamond, counterbalanced across all participants). The length and width 263 

of each of the shapes was 4.2° except for the circle with diameter 4.0° for all shapes to have 264 
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approximately equal area. Each shape was placed at equal intervals along an imaginary circle 265 

with a radius of 9.1°. The color of the shapes was red or green. In addition, the color of the 266 

distractor on distractor-present trials was counterbalanced across all participants (red distractor 267 

among green shapes or green distractor among red shapes). The search array for task 2 268 

(singleton search) comprised one unique shape among three other identical shapes (one circle 269 

among three diamonds or one diamond among three circles). In this task, participants were 270 

required to search for the shape singleton or the unique shape among all shapes. The size, 271 

location, and color of the stimuli were identical to that of task 1. Like in task 1, the target never 272 

was the shape with the unique color. Although the design elements of both oculomotor tasks are 273 

similar, adopting an attentional template of a specific feature in task 1 (feature search mode) 274 

leads to suppression of the salient distractor while searching for the unique singleton shape 275 

(singleton detection mode) in task 2 leads to attention capture by the salient distractor (Kim, 276 

Senior, et al., 2024). As in task 1, goal-directed selection of a specific feature has shown to 277 

“override” stimulus-driven capture by a salient distractor (Bacon & Egeth, 1994), suggesting that 278 

maintaining an attentional template for a specific feature map allows prevention of capture by a 279 

salient stimulus in an irrelevant feature map. However, this theory has been challenged by 280 

studies demonstrating that resistance to capture or distractor rejection is a function of selection 281 

history and learning, and not due to differing feature signals (Graves & Egeth, 2015; Vatterott & 282 

Vecera, 2012). The precise mechanisms of attention capture and distractor suppression are still 283 

debated (De Tommaso & Turatto, 2019; Gaspelin & Luck, 2019; Lien et al., 2022; Luck et al., 284 

2021; Vatterott et al., 2018). 285 

Each run of the visual search tasks contained 96 trials for a total of 288 trials. Trials were 286 

distractor present 75% of the time and distractor absent 25% of the time to maximize trial bins in 287 

the distractor-present condition. Participants completed a total of 216 distractor-present trials 288 

which is more than prior instances of this experiment (Kim, Senior, et al., 2024). In distractor-289 

eNeuro Acce
pted M

an
uscr

ipt



 

present trials of task 1, the target shape (circle or diamond) and the location of the distractor 290 

with respect to the target was fully counterbalanced. In distractor-present trials of task 2, the 291 

target shape was the circle or diamond equally often and the location of the distractor with 292 

respect to the target was fully counterbalanced. In both tasks, the distractor color (red or green) 293 

was counterbalanced across participants. In distractor-absent trials of both tasks, the location of 294 

the target was fully counterbalanced. Trials were randomized across all participants. 295 

 Eye position was calibrated prior to each run using 5-point calibration and was manually 296 

drift corrected online by the experimenter as necessary during the gaze-contingent fixation 297 

display (Kim, Senior, et al., 2024; Kim & Anderson, 2022). During the experiment, the X and Y 298 

positions of the eyes were continuously monitored in real time with respect to the four stimulus 299 

positions, such that fixations were coded online (Kim, Senior, et al., 2024; Kim & Anderson, 300 

2022). The EyeLink 1000 Plus system exported an EDF file after each run that contains both 301 

sample information collected at 1000 Hz and manually encoded events for the following: 302 

presentation of the fixation stimulus, presentation of the visual search array, fixation of each 303 

stimulus during the visual search task, and the end of the trial. Fixation of a stimulus was 304 

registered if eye position remains within a region extending 1.0° around the stimulus for a 305 

continuous period of at least 50 ms for non-targets and distractors and at least 100 ms for the 306 

target (Kim, Senior, et al., 2024; Kim & Anderson, 2022). Saccades were defined as a minimum 307 

eye velocity threshold of 30° per second and a minimum acceleration threshold of 9,500° per 308 

second.  309 

Proposed Analyses Pipeline 310 

 For both visual search tasks, we measured accuracy, fixation times, first-saccade 311 

destinations, dwell times, and mean saccadic reaction times. Accuracy was defined as the 312 

percentage of trials in which a fixation was made on the target. Fixation times were defined as 313 

the time from the onset of the visual search array until a valid fixation was registered to the 314 
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target shape. Fixation times that exceed three standard deviations of the mean for a given 315 

condition for each participant were trimmed (Kim, Senior, et al., 2024; Kim & Anderson, 2022) 316 

and fixation times less than 50 ms were excluded as anticipatory saccades (Gaspelin et al., 317 

2017; Kim & Anderson, 2022; Stilwell et al., 2022). First fixations were defined as the initial 318 

stimulus that was registered as a fixation on each trial. First fixations to the target, non-target, 319 

and distractor in addition to fixation times were derived from the eye data coded online. 320 

Percentage of saccades to the non-target shapes were corrected to provide a per-item estimate 321 

of fixation; on distractor-absent and distractor-present trials, the percentage of saccades will be 322 

divided by 3 and 2, respectively. Oculomotor dwell times were defined as the duration that the 323 

eyes remained within the fixation window of the stimulus and were also coded online. Mean 324 

saccadic reaction times (sRT) were defined as the mean time to initiate a saccade relative to the 325 

onset of the visual search array (Kim, Senior, et al., 2024; Kim & Anderson, 2022). sRTs were 326 

computed offline from the EDF output using the edfmex MATLAB executable file and the 327 

‘STARTSACC’ code string from the event structure.  328 

 To determine the effects of the mindfulness intervention on attentional control, we 329 

proposed to conduct a 2x2x2 Analysis of Variance (ANOVA) analysis over factors age (young 330 

vs. older adults), intervention (Mindfulness Group A vs. Audiobook Group B), and time (Visit 1 331 

vs. Visit 2) over each measure (see Hypothesis below). Next, to determine the age-related 332 

effects of mindfulness meditation intervention on the aforementioned measures of attentional 333 

control, we proposed to conduct a 2x2 ANOVA analysis over factors age (young vs. older 334 

adults) and time (baseline vs. post-mindfulness intervention) over each measure (see also 335 

Exploratory Analyses for identifying practice effects). This analysis used the full sample and 336 

comprised Visit 1 to Visit 2 for Group A and Visit 2 to Visit 3 for Group B. 337 

 To correct for multiple comparisons in our planned analyses, we used the false 338 

discovery rate (FDR) method using adaptive linear set-up procedures (Benjamini et al., 2006; 339 
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Glickman et al., 2014). We conducted 6 unique ANOVA analyses for each hypothesis 340 

(Hypothesis 1: Mindfulness meditation will improve attentional control; Hypothesis 2: Older 341 

adults will show greater benefits from the intervention compared with young adults) and 342 

corrected at FDR α = 0.05. P-values were adjusted from the two-state Benjamini and Hochberg 343 

linear step-up procedure (‘TSBH’) using the R package, ‘multtest’ (Version 2.54.0) for these 12 344 

hypothesis-driven analyses.  345 

We did not predict any improvements in accuracy and proactive oculomotor suppression 346 

as performance is near ceiling in these visual search tasks in both young and older adults (Kim, 347 

Senior, et al., 2024). We used accuracy as an indicator of data quality and participants’ run data 348 

that does not attain at least 60% accuracy over all visits were proposed to be omitted as poor 349 

data quality during acquisition. Although we had two subjects (older adults) who had accuracy 350 

below 60% for one visit, these subjects did not have overall accuracy less than 60% over all 351 

visits nor had significantly lower accuracy relative to other subjects, suggesting that this low 352 

accuracy is just because of the performance of the participant and not because of poor data 353 

quality during acquisition. Therefore, we included the data for these older adult subjects.  354 

Given that the distractor is proactively suppressed in the feature search task, we 355 

identified some subjects did not look at the distractor at all or looked at it very few times. This 356 

sometimes resulted in non-physiologically plausible data that were likely caused by eye tracking 357 

errors due to 1 or 2 data points. Thus, we did not include data for mean saccadic reaction times 358 

or dwell times to the distractor in which the total number of first fixations to the distractor (for that 359 

visit accumulated over 3 runs) was two or fewer times and if the time was less than 100 ms 360 

(Visit 1 = 8 subjects, Visit 2 = 7 subjects, Visit 3 = 5 subjects). For reference, saccadic reaction 361 

times less than 50 ms were already removed, given that they were deemed as anticipatory. The 362 

data for these subjects were excluded only for the dwell time and saccadic reaction time 363 

eNeuro Acce
pted M

an
uscr

ipt



 

measures. For full transparency, statistical conclusions did not change even when including 364 

these outliers.  365 

Hypotheses: Mindfulness meditation will improve mechanisms of attentional control. Older 366 

adults will show greater benefits from the mindfulness intervention compared with young adults. 367 

We tested our hypotheses on the following six measures of attentional control that are impaired 368 

in older adults (Kim, Senior, et al., 2024). 369 

A. Distractibility: Attention capture by salient, task-irrelevant distractor (1) will be decreased. 370 

B. Goal-directed attentional control: Percentage of first saccades toward the target will be 371 

increased in both distractor-absent (2) and distractor-present trials (3). 372 

C. Attention Processing: Fixation times (4) and mean saccadic reaction times (5) will be 373 

decreased. 374 

D. Reactive Disengagement: Dwell time on initial incorrect fixations (6) will be decreased. 375 

Exploratory Analyses 376 

 We planned to conduct exploratory analyses that are not central to our hypothesis but of 377 

interest, given our experimental design. First, we correlated measures acquired on Visit 1 378 

(baseline) and the visit following the control intervention (either visits 2 or 3 depending on the 379 

assigned group) to determine test-retest reliability of oculomotor mechanisms of attention. In 380 

addition, we proposed to determine whether the benefits of thirty days of mindfulness meditation 381 

practice persist among participants in Group A by comparing data from Lab Visit 3 to that of Lab 382 

Visit 2. This analysis would be important in observing potential practice effects and to determine 383 

whether the extra visit before the intervention contributes to elevated performance in Group B. 384 

Furthermore, we conducted the aforementioned ANOVA analyses over the oculomotor 385 

suppression effect to investigate whether mindfulness meditation impairs this aspect of 386 
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attentional control, contrary to our hypotheses (we predicted a null effect). Last, we conducted 387 

the aforementioned ANOVA analyses between middle-aged older adults aged 50-65 years old 388 

and older adults aged 65-80 years old to determine whether older adults aged 65-80 years old 389 

showed greater locus coeruleus dysfunction compared to middle-aged older adults. 390 

Transparency and Openness 391 

The pre-registered manuscript, raw data, and materials have been uploaded to the Open 392 

Science Framework, osf.io/u3b8n. 393 

 394 

Results 395 

For each mechanism of attentional control, we first show the results of the feature 396 

search task (proactive suppression of the salient distractor; see Figures 1B and 1C) followed by 397 

the results from the singleton search task (reactive disengagement of the salient distractor; see 398 

Figures 1D and 1E). 399 

Pre-registered Analyses 1: Combined ANOVA over visits 1 and 2  400 

 We conducted a 2x2x2 mixed ANOVA over factors age (Young vs. Older), intervention 401 

(Mindfulness vs. Audiobook) and time (Visit 1 vs. Visit 2) over each dependent measure. 402 

Although this analysis does not make use of the 3rd time point, we conducted this analysis as 403 

pre-registered. If we identified a significant main effect of age, we also conducted the 404 

aforementioned ANOVA with 3 levels for the age factor (Young vs. Middle-Aged vs. Older) and 405 

report the main effect of age and any significant interactions. We followed up significant main 406 

effects of age in this ANOVA comprising 3 levels for the age factor with post-hoc t-tests using 407 

Tukey HSD multiple comparison corrections. In this first analysis, a significant time x 408 

intervention interaction would show that the mindfulness meditation intervention improved 409 
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mechanisms of attentional control that is not observable following the positive control, 410 

audiobook intervention. 411 

A. Distractibility – First saccade to salient distractor 412 

For the feature search task, we observed significant main effects of age, F(1,64) = 13.73, p 413 

< .001, ηp
2 = .177, and time, F(1,64) = 5.98, p = .017, ηp

2 = .086, but no significant main effect of 414 

intervention, F(1,64) = .17, p = .686, nor a significant time x intervention interaction, F(1,64) = 415 

.31, p = .580. In the 3x2x2 ANOVA, we observed a significant main effect of age, F(2,62) = 6.65, 416 

p = .002, ηp
2 = .177. Young adults exhibited less distractibility compared with middle-aged 417 

adults, p = .012 (mean diff = 4.80, SE = 1.63, 95% CI [-8.70 -0.90]), and older adults, p = .005 418 

(mean diff = 5.28, SE = 1.63, 95% CI [-9.19 -1.38]), but no significant differences were observed 419 

between the middle-aged and older adults, p = .959 (mean diff = 0.48, SE = 1.76, 95% CI [-4.70 420 

3.73]). To appropriately measure attention suppression in this visual search task (Wöstmann et 421 

al., 2022), we calculated the oculomotor suppression effect as a measure of increased 422 

saccades to the salient distractor compared with a within-subjects control of reflexive saccades 423 

to non-target stimuli (oculomotor suppression = first saccades to non-target stimuli - first 424 

saccades to distractor). Thus, a positive value indicates increased proactive suppression of the 425 

distractor. In the 2x2x2 ANOVA, we observed no significant main effects of age, F(1,64) = .06, p 426 

= .809, time, F(1,64) = .69, p = .409, nor intervention, F(1,64) = .81, p = .371, nor time x 427 

intervention interaction, F(1,64) = .08, p = .784.  428 

For the singleton search task, in the 2x2x2 ANOVA, we observed a significant main 429 

effect of age, F(1,65) = 11.04, p = .001, ηp
2 = .145, and time, F(1,65) = 9.58, p = .003, ηp

2 = .128, 430 

but no significant main effect of intervention, F(1,65) = .04, p = .846, nor a significant time x 431 

intervention interaction, F(1,65) = .15, p = .697. In the 3x2x2 ANOVA, we observed a significant 432 

main effect of age, F(2,63) = 6.90, p = .002, ηp
2 = .180. Young adults exhibited less distractibility 433 

compared with older adults, p = .001 (mean diff = 12.53, SE = 3.34, 95% CI [-20.55  -4.51]), but 434 
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no differences between young and middle-aged adults, p = .143 (mean diff = -6.48, SE = 3.39, 435 

95% CI [-14.62 1.65], and middle-aged and older adults, p = .224 (mean diff = 6.04, SE = 3.62, 436 

95% CI [-2.64 14.72]). In this task we calculated the oculomotor capture effect as a measure of 437 

increased saccades to the salient distractor compared with a within-subjects control of reflexive 438 

saccades to non-target stimuli (oculomotor capture = first saccades to distractor - first saccades 439 

to non-target stimuli). Thus, a positive value indicates increased distractibility by the distractor. 440 

In the 2x2x2 ANOVA, we observed no significant main effects of age, F(1,65) = 1.99, p = .164, 441 

time, F(1,65) = 3.81, p = .055, intervention, F(1,65) = .06, p = .815, nor a time x intervention 442 

interaction, F(1,65) = .22, p = .640. 443 

B. Goal-directed attentional control in distractor-absent trials – First saccade to target 444 

For the feature search task, in the 2x2x2 ANOVA, we observed significant main effects 445 

of age, F(1,64) = 17.69, p < .001, ηp
2 = .217, and time, F(1,64) = 5.45, p = .023, ηp

2 = .078, but 446 

no significant main effect of intervention, F(1,64) = 2.25, p = .139. We did not observe a 447 

significant time x intervention interaction, F(1,64) = 1.69, p = .198. In the 3x2x2 ANOVA, we 448 

observed a significant main effect of age, F(2,62) = 8.72, p < .001, ηp
2 = .220. Young adults 449 

exhibited greater goal-directed attentional control compared with middle-aged adults, p = .006 450 

(mean diff = 12.33, SE = 3.85, 95% CI [3.10 21.58]), and older adults, p < .001 (mean diff = 451 

14.81, SE = 3.85, 95% CI [5.57 24.05]), but no differences between the middle-aged and older 452 

adults, p = .823 (mean diff = 2.47, SE = 4.16, 95% CI [-7.51 12.45]). 453 

For the singleton search task, in the 2x2x2 ANOVA, we observed a significant main 454 

effect of age, F(1,65) = 33.82, p < .001, ηp
2 = .342, but no significant main effects of intervention, 455 

F(1,65) = 3.13, p = .082, nor time, F(1,65) = 1.59, p = .211. We did not observe a significant 456 

time x intervention interaction, F(1,65) = 1.30, p = .258. In the 3x2x2 ANOVA, we observed a 457 

significant main effect of age, F(2,63) = 28.54, p < .001, ηp
2 = .475. Young adults exhibited 458 

greater goal-directed attentional control compared with middle-aged adults, p = .004 (mean diff 459 
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= 9.21, SE = 2.84, 95% CI [2.40 16.02]), and older adults, p < .001 (mean diff = 21.26, SE = 460 

2.80, 95% CI [14.54 27.98]). Furthermore, middle-aged adults exhibited greater goal-directed 461 

attentional control compared with older adults, p < .001 (mean diff = 12.05, SE = 3.03, 95% CI 462 

[4.78 19.32]). 463 

C. Goal-directed attentional control in distractor-present trials – 1st saccade to target 464 

For the feature search task, in the 2x2x2 ANOVA, we observed significant main effects 465 

of age, F(1,64) = 30.02, p < .001, ηp
2 = .319, and time, F(1,64) = 12.07, p < .001, ηp

2 = .159, but 466 

no significant main effect of intervention, F(1,64) = 2.40, p = .126. We did not find a significant 467 

time x intervention interaction, F(1,64) = .48, p = .491. In the 3x2x2 ANOVA, we observed a 468 

significant main effect of age, F(2,62) = 15.19, p < .001, ηp
2 = .329. Young adults exhibited 469 

greater goal-directed attentional control compared with middle-aged adults, p < .001 (mean diff 470 

= 14.00, SE = 3.44, 95% CI [5.73 22.27]), older adults, p < .001 (mean diff = 17.78, SE = 3.44, 471 

95% CI [9.50 26.05]), but no differences between middle-aged and older adults, p = .571 (mean 472 

diff = 3.77, SE = 3.72, 95% CI [-5.16 12.71]). 473 

For the singleton search task, in the 2x2x2 ANOVA, we observed a significant main 474 

effect of age, F(1,65) = 38.44, p < .001, ηp
2 = .372, and time, F(1,65) = 15.75, p < .001, ηp

2 = 475 

.195, but no significant main effects of intervention, F(1,65) = .94, p = .335. We did not find a 476 

significant time x intervention interaction, F(1,65) = .00, p = .982, but identified a significant time 477 

x age interaction, F(1,65) = 4.66, p = .035, ηp
2 = .067. In the 3x2x2 ANOVA, we observed a 478 

significant main effect of age, F(2,63) = 24.78, p < .001, ηp
2 = .440. Young adults exhibited 479 

greater goal-directed attentional control compared with middle-aged adults, p < .001 (mean diff 480 

= 14.32, SE = 3.68, 95% CI [5.50 23.14]), older adults, p < .001 (mean diff = 25.43, SE = 3.62, 481 

95% CI [16.73 34.12]). Furthermore, middle-aged adults exhibited greater goal-directed 482 

attentional control compared with older adults, p = .017 (mean diff = 11.11, SE = 3.92, 95% CI 483 

[1.69 20.52]). 484 
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D. Attention processing – fixation times in distractor present trials 485 

For the feature search task, in the 2x2x2 ANOVA, we observed a significant main effect 486 

of age, F(1,64) = 21.40, p < .001, ηp
2 = .251, but no significant main effects of time, F(1,64) = 487 

2.76, p = .100, nor intervention, F(1,64) = .67, p = .418. We did not find a significant time x 488 

intervention interaction, F(1,64) = 1.75, p = .19. In the 3x2x2 ANOVA, we observed a significant 489 

main effect of age, F(2,62) = 12.32 p < .001, ηp
2 = .284. Young adults were faster to find the 490 

target compared with middle-aged adults, p = .011 (mean diff = -61.88, SE = 20.62, 95% CI [-491 

111.37 -12.38]), and older adults, p < .001 (mean diff = -98.87, SE = 20.62, 95% CI [-148.37 -492 

49.38]). However, we did not observe significant differences between middle-aged and older 493 

adults, p = .228 (mean diff = -37.00, SE = 22.26, 95% CI [-90.46 16.46]). 494 

For the singleton search task, in the 2x2x2 ANOVA, we observed a significant main 495 

effect of age, F(1,65) = 41.43, p < .001, ηp
2 = .389, and time, F(1,65) = 7.16, p = .009, ηp

2 = .099, 496 

but no significant main effect of intervention, F(1,65) = 2.10, p = .152. We did not find a 497 

significant time x intervention interaction, F(1,65) = .19, p = .669. In the 3x2x2 ANOVA, we 498 

observed a significant main effect of age, F(2,63) = 22.43, p < .001, ηp
2 = .416. Young adults 499 

were faster compared with middle-aged adults, p < .001 (mean diff = -149.10, SE = 32.30, 95% 500 

CI [-226.64 -71.56]), and older adults, p < .001 (mean diff = -200.72, SE = 31.85, 95% CI [-501 

277.18 -124.26]). However, there were no significant differences between middle-aged and 502 

older adults, p = .299 (mean diff = -51.62, SE = 34.48, 95% CI [-134.37 31.13]). 503 

E. Attention processing – saccadic reaction times to distractor 504 

For the feature search task, in the 2x2x2 ANOVA, we observed no significant main 505 

effects of age, F(1,51) = .99, p = .325, time, F(1,51) = .37, p = .548, intervention, F(1,51) = .11, 506 

p = .738, nor a time x intervention interaction, F(1,51) = 3.37, p = .072.  507 
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For the singleton search task in the 2x2x2 ANOVA, we did not observe significant main 508 

effects of age, F(1,65) = 1.67, p = .201, nor time, F(1,65) = 1.19, p = .279, but found a 509 

significant main effect of intervention, F(1,65) = 4.24, p = .044, ηp
2 = .061. We did not find a 510 

significant time x intervention interaction, F(1,65) = 2.74, p = .103, but observed a significant 511 

time x age interaction, F(1,65) = 8.19, p = .006, ηp
2 = .112. In post-hoc t-test analyses, young 512 

adults showed faster saccadic reaction times in Visit 2 compared with Visit 1, t(27) = 2.70, p = 513 

.012, d = .515 (Visit 1: Mean = 288.01, SE = 6.97; Visit 2: Mean = 269.85, SE = 6.32). However, 514 

we found no evidence for changes in older adults, t(40) = 1.31, p = .196 (Visit 1: Mean = 286.66, 515 

SE = 7.58; Visit 2: Mean = 294.70.85, SE = 6.32). In the 3x2x2 ANOVA, we did not observe a 516 

significant main effect of age, F(2,63) = .89, p = .417, but again identified a significant main 517 

effect of intervention, F(1,63) = 7.84, p = .007, ηp
2 = .111, and a significant time x age 518 

interaction, F(2,63) = 4.24, p = .019, ηp
2 = .119. 519 

F. Reactive disengagement – dwell times on distractor 520 

For the feature search task, in the 2x2x2 ANOVA, we observed no significant main 521 

effects of age, F(1,57) = .05, p = .829, time, F(1,57) = .49, p = .489, intervention, F(1,57) = .85, 522 

p = .360, nor a time x intervention interaction, F(1,57) = .86, p = .358.  523 

For the singleton search task, in the 2x2x2 ANOVA, we observed a significant main 524 

effect of age, F(1,65) = 28.89, p < .001, ηp
2 = .308, but no main effects of time, F(1,65) = .00, p = 525 

.961, nor intervention, F(1,65) = 2.17, p = .145. In addition, we observed a significant three-way 526 

age x time x intervention interaction, F(1,65) = 6.06, p = .017, ηp
2 = .085.  However, this three-527 

way interaction was not significant when correcting for multiple comparisons, padj = .102. In the 528 

3x2x2 ANOVA, we again observed a significant main effect of age, F(2,63) = 13.99, p < .001, 529 

ηp
2 = .308. Young adults exhibited shorter dwell times compared with middle-aged adults, p < 530 

.001 (mean diff = -59.76, SE = 13.41, 95% CI [-91.94 -27.58]), and older adults, p < .001 (mean 531 

diff = -58.69, SE = 13.22, 95% CI [-90.42 -26.96]). 532 
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 533 

In summary, from this first analysis without using the Visit 3 part of our data, we did not 534 

identify evidence to support our hypothesis that mindfulness meditation improves mechanisms 535 

of attentional control after correcting for multiple comparisons. However, we identified multiple 536 

main effects of age when using 3 levels (young vs. middle-aged vs. older). Thus, we used 3 537 

levels for the age factor in Analysis 2. 538 

 539 

Pre-registered Analysis 2: mixed ANOVA analyses over the mindfulness meditation 540 

intervention period with the full sample. 541 

 We conducted a 3x2 mixed ANOVA with factors age (young vs. middle-aged vs. older) 542 

and time (baseline vs. post-intervention) over the mindfulness meditation intervention combined 543 

for both groups (Group A: Visit 1 to Visit 2, Group B: Visit 2 to Visit 3). To investigate hypothesis 544 

1, we assessed whether the main effect of time was significant to determine whether 545 

mindfulness meditation improved mechanisms of attentional control. To investigate hypothesis 546 

2, we assessed whether the age x time interaction was significant to determine whether the 547 

effects of mindfulness meditation differed among age groups. Although we still report the 548 

oculomotor capture and oculomotor suppression effects as within-subjects controlled measures 549 

of attention capture and inhibition of the salient distractor, we used the 6 pre-registered 550 

measures and p-values in our multiple comparison corrections and final conclusions.  551 

 552 

A. Distractibility – First saccade to salient distractor 553 

In the feature search task, over the first saccade to distractor measure, we identified a 554 

significant main effect of age, F(2,64) = 5.52, p = .006, ηp
2 = .105, but no main effect of time, 555 
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F(1,64) = 2.07, p = .155, nor interaction, F(2,64) = .45, p = .637 (see Figure 2A). With the 556 

oculomotor suppression effect as the dependent measure, we again did not identify a main 557 

effect of age, F(2,64) = .29, p = .753, time, F(1,64) = .01, p = .923, nor interaction, F(2,64) = .57, 558 

p = .569 (see Figure 2B). 559 

In the singleton search task, over the first saccade to distractor measure, we identified 560 

significant main effects of age, F(2,65) = 7.03, p = .002, ηp
2 = .178, and time, F(1,65) = 7.66, p = 561 

.007, ηp
2 = .105, but no interaction effect, F(2,65) = .49, p = .616 (see Figure 2C). Over the 562 

oculomotor capture effect, we identified a marginal main effect of time, F(1,65) = 4.00, p = .050, 563 

ηp
2 = .058, and no main effect of age, F(2,65) = 1.93, p = .168, nor an interaction effect, F(2,65) 564 

= .81, p = .45 (see Figure 2D). 565 

B. Goal-directed attentional control in distractor-absent trials – First saccade to target 566 

In the feature search task, we identified a significant main effect of time, F(1,64) = 8.34, p = 567 

.005, ηp
2 = .115, and age, F(2,64) = 9.53, p < .001, ηp

2 = .230, but no interaction, F(2,64) = .49, p 568 

= .618 (see Figure 3A). In the singleton search task, we identified a main effect of age, F(2,65) = 569 

19.22, p < .001, ηp
2 = .372, but no main effect of time, F(1,65) = .93, p = .338, nor interaction, 570 

F(2,65) = .30, p = .745 (see Figure 3C). 571 

C. Goal-directed attentional control in distractor-present trials – First saccade to target 572 

In the feature search task, like in distractor-absent trials, we again identified a significant 573 

main effect of age, F(2,64) = 13.31, p < .001, ηp
2 = .294, and time, F(1,64) = 7.83, p = .007, ηp

2 = 574 

.109, but no interaction, F(2,64) = .28, p = .754 (see Figure 3B). In the singleton search task, 575 

during the mindfulness meditation period, we identified a significant main effect of age, F(2,65) 576 

= 22.34, p < .001, ηp
2 = .294, time, F(1,65) = 7.52, p = .008, ηp

2 = .104, but no interaction, 577 

F(2,65) = .13, p = .883 (see Figure 3D).  578 

D. Attention processing – fixation times in distractor present trials 579 
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In the feature search task, we identified a significant main effect of age, F(2,64) = 11.83, p < 580 

.001, ηp
2 = .270, but no main effect of time, F(1,64) = 2.63, p = .110, nor interaction, F(2,64) = 581 

1.03, p = .362 (see Figure 4A). In the singleton search task, we identified a significant main 582 

effect of age, F(2,65) = 21.91, p < .001, ηp
2 = .403, but no main effect of time, F(1,65) = 2.60, p 583 

= .112, nor interaction, F(2,65) = .85, p = .433 (see Figure 4D). 584 

E. Attention processing – saccadic reaction times to distractor 585 

In the feature search task, we identified a significant main effect of time, F(1,52) = 5.98, p = 586 

.018, ηp
2 = .103, but no main effects of age, F(2,52) = 1.31, p = .279, nor interaction, F(2,52) = 587 

.03, p = .973 (see Figure 4B). In the singleton search task, we did not identify significant main 588 

effects of age, F(2,65) = 2.35, p = .104, time, F(1,65) = .00, p = .96, nor interaction, F(2,65) = 589 

.67, p = .517 (see Figure 4E). 590 

F. Reactive disengagement – dwell times on distractor 591 

In the feature search task, we did not identify significant main effects of age, F(2,58) = .92, p 592 

= .404, time, F(1,58) = 1.00, p = .322, nor interaction, F(2,58) = 2.39, p = .101 (see Figure 4C). 593 

In the singleton search task, we identified a significant main effect of age, F(2,65) = 14.90, p < 594 

.001, ηp
2 = .314, did not observe a main effect of time, F(1,65) = .47, p = .495, but found a 595 

significant interaction effect, F(2,65) = 4.43, p = .016, ηp
2 = .120 (see Figure 4F).  596 

 597 

 As preregistered, we applied the false discovery rate (FDR) method with Benjamini-598 

Hochberg linear step-up method to correct for multiple comparisons. For hypothesis 1 (effect of 599 

mindfulness meditation), we used the pre-registered measures’ p-values over the main effect of 600 

time. For hypothesis 2 (age differences), we used the p-values over the age x time interaction 601 

effect. In summary, in the feature search task, we identified that mindfulness meditation 602 

improves goal-directed attentional control in distractor-absent trials (p = .005, padj = .011), 603 
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distractor-present trials (p = .007, padj = .011), and saccadic reaction times (p = .018, padj = 604 

.018). No age-related interactions were significant. In the singleton search task, we identified 605 

that mindfulness meditation improves distractibility (p = .007, padj = .016) and goal-directed 606 

attentional control in distractor-present trials (p = .008, padj = .016). Although we identified a 607 

significant time x age interaction with dwell time as the dependent measure, the interaction was 608 

not significant after multiple comparison corrections (p = .016, padj = .096). 609 

We also conducted the aforementioned 3x2 mixed ANOVA over the audiobook 610 

intervention (positive control) period for these measures. In the feature search task, we did not 611 

observe a significant main effect of time (nor an interaction effect) over goal-directed attentional 612 

control in distractor-absent trials, F(1,65) = 2.51, p = .118, and saccadic reaction times, F(1,54) 613 

= 1.06, p = .308, However, we observed a significant main effect over goal-directed attentional 614 

control in distractor-present trials, F(1,65) = 6.14, p = .016, ηp
2 = .086. In the singleton search 615 

task, we did not observe a significant main effect of time (nor an interaction effect) over 616 

distractibility, F(1,65) = .67, p = .416, during the audiobook intervention period. Interestingly, we 617 

again found a significant main effect of time in goal-directed attentional control in distractor-618 

present trials, F(1,65) = 4.59, p =.036, ηp
2 = .066. Given that both the audiobook and 619 

mindfulness meditation intervention improved goal-directed attentional control in distractor-620 

present trials, we investigated whether this increase in performance was because of practice 621 

effects. As preregistered, we compared group means among Group A participants in their Visits 622 

2 and 3 to determine whether performance continuously improved the more practice participants 623 

had with the task. However, we did not find evidence that goal-directed attentional control in 624 

distractor-present trials improved in Visit 3 from Visit 2 when completing the feature search task, 625 

t(32) = .97, p = .340, and the singleton search task, t(33) = .07, p = .942. 626 

 Finally, we explored whether practice effects were contributing to the longitudinal 627 

intervention benefits and conducted post-hoc exploratory ANOVA analyses with factors 628 
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intervention (mindfulness vs. audiobook) and age (young vs. middle-aged vs. older) over the 629 

difference scores between the mindfulness and audiobook interventions (post-pre intervention).  630 

In the feature search task, we again identified a significant main effect of intervention, F(1,48) = 631 

9.38, p = .004, ηp
2 = .086, but no main effect of age, F(2,48) = 1.51, p = .232, nor interaction, 632 

F(2,48) = .02, p = .979, over saccadic reaction times, as in our prior analyses (see Figure 4B). 633 

However, we did not observe main effects of intervention nor interactions over any other 634 

attention mechanisms, including goal-directed attentional control and distractibility by salient 635 

stimuli. 636 

 637 

Test-retest Reliability 638 

 Prior studies have shown high reliability (internal consistency) for the acquired 639 

oculomotor measures in this study for both young and older adults (Kim, Grégoire, et al., 2024). 640 

Given the longitudinal nature of this study, we investigated the test-retest reliability for these 641 

measures before and after the positive control (audiobook) intervention month for Group B, who 642 

completed the audiobook first. Our recruited sample showed robust test-retest reliability over 643 

measures of attention capture/suppression by a salient distractor and attention processing 644 

speeds in both oculomotor search tasks (see Table 1).  645 

 646 

Mindfulness Questionnaires: MAAS and FFMQ-15 647 

We conducted a 3x2 ANOVA over factors age (young vs. middle-aged vs. older) and 648 

time (pre- vs. post- intervention) over the guided mindfulness meditation and the audiobook 649 

intervention periods. For the MAAS score, over the mindfulness meditation period, we identified 650 

a significant main effect of age, F(2,65) = 7.37, p = .001, ηp
2 = .185, but no main effects of time, 651 

F(1,65) = 1.75, p = .191, nor interaction, F(2,65) = .65, p = .526. To explore the main effect of 652 
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age, we conducted post-hoc mean comparisons between the age groups with Tukey HSD 653 

corrections for multiple comparisons. We identified that young adults showed lower scores on 654 

the MAAS compared with older adults, p < .001 (mean difference = .74, SE = .19, 95% CI [-1.20 655 

-0.27], but not compared with middle-aged adults, p = .122 (mean difference = .39, SE = .19, 656 

95% CI [-0.86 0.08]. There was no difference between middle-aged and older adults, p = .222 657 

(mean difference = 0.35, SE = 0.21, 95% CI [-0.85 0.15]. Over the audiobook period, we again 658 

identified a significant main effect of age, F(2,65) = 7.93, p < .001, ηp
2 = .196, but no main 659 

effects of time, F(1,65) = .03, p = .875, nor interaction, F(2,65) = .89, p = .414.  660 

For the FFMQ-15 scores, over the mindfulness meditation period, we identified a 661 

significant main effect of age, F(2,65) = 4.73, p = .012, ηp
2 = .127, but no main effects of time, 662 

F(1,65) = 1.63, p = .206, nor interaction, F(2,65) = .36, p = .701. As with the MAAS, we 663 

identified that young adults showed lower scores on the FFMQ-15 compared with older adults, p 664 

= .010 (mean difference = 6.86, SE = 2.27, 95% CI [-12.32 -1.40], but not compared with 665 

middle-aged adults, p = .163 (mean difference = 4.26, SE = 2.31, 95% CI [-9.79 1.28]. There 666 

was no difference between middle-aged and older adults, p = .538 (mean difference = 2.61, SE 667 

= 2.44, 95% CI [-8.47 3.25]. Over the audiobook period, we again identified a significant main 668 

effect of age, F(2,65) = 4.07, p = .022, ηp
2 = .111, no main effect of time, F(1,65) = .01, p = .928, 669 

but identified a significant interaction, F(2,65) = 3.58, p = .034, ηp
2 = .099. The audiobook 670 

intervention marginally improved scores in young adults (pre: 51.3, post: 53.0), t(26) = 1.78, p 671 

=.086, but not in middle-aged (pre: 54.8, post: 53.9), and older adults (pre: 56.0, post: 55.1), 672 

ts(20) < .700, ps > .492. Table 2 contains all descriptive statistics with the FFMQ-15 scores 673 

reported divided into the subcategories. 674 

 675 

Compliance 676 
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 By partnering with the research division of the Headspace application team, we received 677 

the backend software usage for each participant. Although only required to complete one 678 

session per day, we found some participants completed more sessions than required. After 679 

completing the required Basics course, these participants explored other modes of guided 680 

mindfulness meditation. During the mindfulness intervention period, young adults completed an 681 

average of 25 sessions (SE = 2.46), middle-aged adults completed an average of 36 sessions 682 

(SE = 3.65), and older adults completed an average of 34 sessions (SE = 4.33). From our 683 

records, we received daily feedback forms of the audiobook completion. We identified young 684 

adults completed an average of 22 sessions (SE = 1.96) of audiobook listening, middle-aged 685 

adults completed an average of 27 sessions (SE = 1.45), and older adults completed an 686 

average of 28 sessions (SE = 1.18). The at-home compliance in this study is comparable to 687 

previous reports using the mobile Headspace application (Mahlo & Windsor, 2021). 688 

 To check whether days of mindfulness compliance on the Headspace application 689 

influenced our results, we conducted 3 (Age: young, middle-aged, older) x 2 (Time: pre, post) 690 

repeated-measures ANCOVA analyses with compliance as a covariate. With MAAS scores as 691 

the dependent measure, we identified a significant compliance x time interaction, F(1,63) = 692 

5.08, p = .028, ηp
2 = .075. Partial correlations with days of compliance and post-intervention 693 

MAAS scores while control for pre-intervention scores demonstrated a positive relationship, 694 

r(65) = .37, p = .002, indicating more app-based practice led to higher MAAS scores post 695 

intervention. In contrast, the parallel ANCOVA with FFMQ scores as the dependent measure did 696 

not show a significant compliance x time interaction, F(1,63) = .56, p = .459. In addition, we 697 

identified significant compliance x time interactions for the following oculomotor measures in the 698 

singleton search task: first fixation to the distractor, F(1,63) = 6.25, p = .015, ηp
2 = .090, first 699 

fixation to the target, F(1,63) = 5.27, p = .025, ηp
2 = .077, and saccadic reaction times in 700 

distractor present trials, F(1,63) = 5.11, p = .027, ηp
2 = .075. Partial correlations with days of 701 
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compliance and post-intervention measures while controlling for pre-intervention measures 702 

showed that more days of mindfulness practice led to more first fixations to the distractor, r(65) 703 

= .27, p = .025, less first fixations to the target, r(65) = -.25, p = .038, but no significant 704 

relationship with saccadic reaction times, r(65) = -.23, p = .067. Interestingly, these findings 705 

showing that increased use of the Headspace application was associated with greater 706 

distractibility by the salient, task-irrelevant distractor and less goal-directed attentional control 707 

were contrary to our predictions. 708 

 709 

Discussion 710 

 This is the first study to show evidence that guided mindfulness meditation via a mobile 711 

application improves some mechanisms of attentional control using eye tracking. We used two 712 

oculomotor search tasks that manipulated a salient color distractor which is typically suppressed 713 

(feature search task) or disengaged from after fixation (singleton search task), given the high 714 

reliability of these attention-related eye movement measures in prior studies (internal 715 

consistency; Kim, Grégoire, et al., 2024) and in our results (test-retest reliability). By using daily 716 

email reminders and requiring participants to complete a short feedback form after each daily 717 

intervention session, we maintained high at-home compliance from our participants during the 718 

study. Although older adults showed higher mindfulness scores on the two mindfulness 719 

questionnaires compared with young adults across all visits, we identified that the effect of 720 

mindfulness practice is only observable in oculomotor measures, which may be more sensitive 721 

to longitudinal changes compared with self-report questionnaires. 722 

 Prior studies investigating the beneficial effects of mindfulness meditation on attention 723 

have primarily investigated Posner and Petersen’s (1990) model of attentional networks using 724 

the Attention Network Task or as a mode of executive control (see Sumantry & Stewart, 2021, 725 
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for a meta-analysis). In the Attention Network Task, mindfulness training has previously shown 726 

to improve modes of orienting and executive control but not alerting (Ainsworth et al., 2013; 727 

Becerra et al., 2017), and also improve overall reaction times (Mora Álvarez et al., 2023). 728 

Furthermore, in a Go/NoGo Task, mindfulness training showed differences on its effect on 729 

proactive and reactive mechanisms of attentional control as in our study with improvements in 730 

reactive mechanisms but not in proactive control (Fountain-Zaragoza et al., 2016). Interestingly, 731 

we found one study using a visual search task which showed that mindfulness exhibited a null 732 

effect on task performance (Wimmer et al., 2020). These findings suggest that mindfulness 733 

does not broadly improve all mechanisms of attentional control, but effects depend on the 734 

neural networks regulating those attention processes. One neuroimaging study has identified 735 

that focused breathing and mindful attention increases brain activity in the dorsomedial 736 

prefrontal cortex, temporoparietal junction, and the dorsal anterior cingulate cortex (Dickenson 737 

et al., 2013). These brain regions are also activated in both visual search tasks used in this 738 

study and control attention orienting, reorienting, and switching between the ventral and dorsal 739 

attention streams (Corbetta et al., 2008; Corbetta & Shulman, 2002). Given that we did not 740 

identify age differences in the effects of mindfulness meditation in our study, the global benefits 741 

of mindfulness meditation across all participants suggest that the effects of mindfulness on 742 

attention may be achieved through these core attention networks. 743 

 Across multiple analyses, we consistently observed that guided mindfulness meditation 744 

practice improved mean saccadic reaction times. Saccadic reaction times, or the time to initiate 745 

the first saccade following the onset of the stimulus array, have been commonly used to 746 

measure cognitive function (H. Zhang et al., 2025), including in the field of aging and 747 

neurodegenerative diseases. (Campbell & Ryan, 2009; Chehrehnegar et al., 2019; Herrmann & 748 

Ryan, 2024; Koçoğlu et al., 2021; Molitor et al., 2015; Qi et al., 2024). The neural correlates of 749 

this measure have shown to be initiated in the visual striate cortex and controlled through the 750 
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superior colliculus and frontal eye fields (Dorris et al., 2002; Dorris & Munoz, 1995; Maunsell & 751 

Gibson, 1992). These neural networks, in the context of visual spatial attention mechanisms, 752 

coordinate and plan eye movements prior to initiation (Krauzlis et al., 2013). In macaque 753 

monkeys, the administration of a selective noradrenaline reuptake inhibitor have shown that the 754 

latencies of these early impulsive saccades are mediated by the locus coeruleus-noradrenaline 755 

system (Suzuki & Tanaka, 2017) and that faster responses may be because of increased spatial 756 

perceptivity to salient stimuli (Ghosh & Maunsell, 2024). Even though participants were 757 

successful in proactively inhibiting the salient distractor in this task across all trials, evidence of 758 

faster saccadic reaction times to the distractor suggests that mindfulness practice may have 759 

modulated the cognitive perception of the salient but task-irrelevant stimulus that ultimately 760 

influenced the speed of attention processing. However, from our findings alone, it is unclear 761 

whether this effect of mindfulness on attention is specifically because of a mediating effect on 762 

the LC-NA system. Furthermore, given this significant effect on saccadic latencies, it is also 763 

plausible that the other mechanisms of attentional control are just not sensitive to these 764 

changes (e.g., dwell time, fixation time, first fixations), as multiple other neuromodulatory 765 

systems are involved in modulating the direction of eye movements and also in reorienting and 766 

disengagement.  767 

 However, an alternative interpretation is that mindfulness practice, by enhancing 768 

present-moment awareness, may increase attention bias toward salient stimuli even when they 769 

are task irrelevant. Although mindfulness is thought to decrease distractibility by increasing 770 

general focus, a previous randomized controlled trial has also shown that the practice of being 771 

receptive to present-moment experiences may enhance awareness of the environment which 772 

may at times be detrimental to the task at hand (Semple, 2010). Specifically, in the oculomotor 773 

search paradigms used here, this increased awareness would have increased the attentional 774 

priority of the salient stimulus, leading to greater distractibility by a task-irrelevant shape. 775 
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Interestingly, we only identified increased saccadic reaction times in the feature search task in 776 

which the salient distractor is proactively inhibited and not in the singleton search task in which 777 

the distractor is reactively rejected. Cognitive control of automatic inhibitory processes can be 778 

both proactive and reactive (Aron, 2011; Ballanger, 2009) and involve different neural networks 779 

(Talanow et al., 2020). Our findings suggest that practicing mindfulness influences inhibitory 780 

mechanisms that proactively prevent inappropriate responses, such as saccadic eye 781 

movements, that is controlled in a neural network involving the frontal eye fields, dorsolateral 782 

prefrontal cortex, and intraparietal sulcus (E. J. Anderson et al., 2008). These neural correlates 783 

have indeed been previously implicated to be modulated by mindfulness meditation in a 784 

previous fMRI study (Dickenson et al., 2013). It is plausible that increased awareness of the 785 

present moment that results from mindfulness practice may lead to a top-down modulation of 786 

visual attentional priority that is occurring pre-stimulus visualization. Our findings show that the 787 

effects of mindfulness may not be simple changes to attention processing, such as increased 788 

vigilance or heightened alertness that would be evident with changes in the direction of eye 789 

movements in our tasks. Rather, these collective findings suggest that mindfulness may alter 790 

the interactions between the top-down influence of attentional control on the attentional priority 791 

maps within the visual cortex, leading to specific changes that may or may not be beneficial 792 

depending on the task requirements. Future research investigating the changes between these 793 

mechanisms of attentional control among expert mindfulness meditators may clarify these 794 

unanswered hypotheses. 795 

 In addition, we identified longitudinal improvements in measures for goal-directed 796 

attentional control and distractibility by task-irrelevant stimuli. However, most of these 797 

improvements were observable following both the mindfulness meditation and the positive 798 

control audiobook interventions. Furthermore, our post-hoc analyses suggest these 799 

improvements may be attributed to practice effects and/or potentially completing a daily relaxing 800 

eNeuro Acce
pted M

an
uscr

ipt



 

task. Prior studies have shown that performance in these visual search tasks rapidly improves in 801 

early trials from practice but quickly reaches maximal performance (Kim, Senior, et al., 2024). 802 

Furthermore, the beneficial effects of prior experience in similar visual search tasks are well 803 

characterized and learned associations have shown to persist months after the initial 804 

experiment (B. A. Anderson et al., 2021; B. A. Anderson & Yantis, 2013). These findings 805 

suggest that the attention system can become better facilitated to orient eye movements toward 806 

targets in the presence of a salient, task-irrelevant distractor. The practice effects in this task 807 

may have been stronger given that the feature-specific nature of the distractor was consistent in 808 

appearance throughout the experiment (Kelley & Yantis, 2009). Our results emphasize the 809 

importance of utilizing a positive control (e.g., audiobook) and examining for practice effects 810 

when investigating the longitudinal benefits of mindfulness meditation practice on measures of 811 

cognition. 812 

 In a pre-registered study, we demonstrate that guided mindfulness meditation via the 813 

Headspace application significantly enhances attentional control mechanisms, as measured 814 

through eye movements. These findings highlight two key insights. First, they support the 815 

effectiveness of mobile-based mindfulness meditation as a tool for improving cognitive function. 816 

Second, they build upon previous research suggesting that short-term mindfulness training (i.e., 817 

thirty days) is sufficient to influence neural processing mechanisms of attention (Gavrilova & 818 

Zawadzki, 2023; Howarth et al., 2019; Mahlo & Windsor, 2021; Tang et al., 2007; Zeidan et al., 819 

2010). Notably, we did not find evidence that older adults benefitted more from the mindfulness 820 

meditation intervention than young adults, suggesting the mindfulness meditation may be 821 

equally beneficial across all age groups. While we identified an improvement in one measure of 822 

attention mediated by the LC-NA system, it remains unclear whether mindfulness training 823 

specifically modulates this neuromodulatory system over time. Additionally, self-report data from 824 

the MAAS and FFMQ questionnaires revealed that younger adults scored lower than older 825 
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adults. However, unlike Champion et al. (2018), we found no intervention-related effects on 826 

these mindfulness scores, suggesting that cognitive measures derived from eye tracking may 827 

be more sensitive indicators of change than self-report assessments. Notably, it remains 828 

plausible that app-based guided mindfulness practices exert weaker effects on these outcome 829 

measures compared with in-person group training. Meta-analytic reviews have highlighted the 830 

limited efficacy of smartphone-based mindfulness interventions, often reporting small effect 831 

sizes (Fish et al., 2016; Wu et al., 2022). Nevertheless, randomized controlled trials with 832 

independent mobile app and in-person mindfulness based program groups have showed that 833 

both modes of mindfulness training are equally effective in reducing anxiety (Orosa-Duarte et 834 

al., 2021), while another showed both modalities are effective in decreasing stress but only the 835 

in-person training improved life satisfaction (Hoover et al., 2022). These findings lay the 836 

groundwork for future longitudinal studies exploring the effects of mindfulness on cognitive 837 

processes and highlight critical methodological considerations for such research. 838 

 839 

References 840 

Ainsworth, B., Eddershaw, R., Meron, D., Baldwin, D. S., & Garner, M. (2013). The effect of 841 

focused attention and open monitoring meditation on attention network function in 842 

healthy volunteers. Psychiatry Research, 210(3), 1226–1231. 843 

https://doi.org/10.1016/j.psychres.2013.09.002 844 

Anderson, B. A., & Kim, H. (2019). Test–retest reliability of value-driven attentional capture. 845 

Behavior Research Methods, 51(2), 720–726. https://doi.org/10.3758/s13428-018-1079-846 

7 847 

eNeuro Acce
pted M

an
uscr

ipt



 

Anderson, B. A., Kim, H., Kim, A. J., Liao, M.-R., Mrkonja, L., Clement, A., & Grégoire, L. 848 

(2021). The past, present, and future of selection history. Neuroscience & Biobehavioral 849 

Reviews, 130, 326–350. https://doi.org/10.1016/j.neubiorev.2021.09.004 850 

Anderson, B. A., & Yantis, S. (2013). Persistence of value-driven attentional capture. Journal of 851 

Experimental Psychology: Human Perception and Performance, 39(1), 6. 852 

Anderson, E. J., Husain, M., & Sumner, P. (2008). Human intraparietal sulcus (IPS) and 853 

competition between exogenous and endogenous saccade plans. Neuroimage, 40(2), 854 

838–851. 855 

Aron, A. R. (2011). From reactive to proactive and selective control: Developing a richer model 856 

for stopping inappropriate responses. Biological Psychiatry, 69(12), e55-68. 857 

https://doi.org/10.1016/j.biopsych.2010.07.024 858 

Aston-Jones, G., & Cohen, J. D. (2005). AN INTEGRATIVE THEORY OF LOCUS 859 

COERULEUS-NOREPINEPHRINE FUNCTION: Adaptive Gain and Optimal 860 

Performance. Annual Review of Neuroscience, 28(1), 403–450. 861 

https://doi.org/10.1146/annurev.neuro.28.061604.135709 862 

Aston-Jones, G., Rajkowski, J., & Cohen, J. (1999). Role of locus coeruleus in attention and 863 

behavioral flexibility. Biological Psychiatry, 46(9), 1309–1320. 864 

https://doi.org/10.1016/s0006-3223(99)00140-7 865 

Aston-Jones, G., Rajkowski, J., & Cohen, J. (2000). Locus coeruleus and regulation of 866 

behavioral flexibility and attention. In Progress in Brain Research (Vol. 126, pp. 165–867 

182). Elsevier. https://doi.org/10.1016/S0079-6123(00)26013-5 868 

Bachman, S. L., Dahl, M. J., Werkle-Bergner, M., Düzel, S., Forlim, C. G., Lindenberger, U., 869 

Kühn, S., & Mather, M. (2021). Locus coeruleus MRI contrast is associated with cortical 870 

eNeuro Acce
pted M

an
uscr

ipt



 

thickness in older adults. Neurobiology of Aging, 100, 72–82. 871 

https://doi.org/10.1016/j.neurobiolaging.2020.12.019 872 

Bacon, W. F., & Egeth, H. E. (1994). Overriding stimulus-driven attentional capture. Perception 873 

& Psychophysics, 55(5), 485–496. https://doi.org/10.3758/BF03205306 874 

Baer, R. A., Smith, G. T., Hopkins, J., Krietemeyer, J., & Toney, L. (2006). Using self-report 875 

assessment methods to explore facets of mindfulness. Assessment, 13(1), 27–45. 876 

Ballanger, B. (2009). Top-down control of saccades as part of a generalized model of proactive 877 

inhibitory control. Journal of Neurophysiology, 102(5), 2578–2580. 878 

https://doi.org/10.1152/jn.00717.2009 879 

Bari, A., Xu, S., Pignatelli, M., Takeuchi, D., Feng, J., Li, Y., & Tonegawa, S. (2020). Differential 880 

attentional control mechanisms by two distinct noradrenergic coeruleo-frontal cortical 881 

pathways. Proceedings of the National Academy of Sciences, 117(46), 29080–29089. 882 

https://doi.org/10.1073/pnas.2015635117 883 

Becerra, R., Dandrade, C., & Harms, C. (2017). Can Specific Attentional Skills be Modified with 884 

Mindfulness Training for Novice Practitioners? Current Psychology, 36(3), 657–664. 885 

https://doi.org/10.1007/s12144-016-9454-y 886 

Benjamini, Y., Krieger, A. M., & Yekutieli, D. (2006). Adaptive linear step-up procedures that 887 

control the false discovery rate. Biometrika, 93(3), 491–507. 888 

https://doi.org/10.1093/biomet/93.3.491 889 

Bennike, I. H., Wieghorst, A., & Kirk, U. (2017). Online-based mindfulness training reduces 890 

behavioral markers of mind wandering. Journal of Cognitive Enhancement, 1, 172–181. 891 

Betts, M. J., Kirilina, E., Otaduy, M. C. G., Ivanov, D., Acosta-Cabronero, J., Callaghan, M. F., 892 

Lambert, C., Cardenas-Blanco, A., Pine, K., Passamonti, L., Loane, C., Keuken, M. C., 893 

eNeuro Acce
pted M

an
uscr

ipt



 

Trujillo, P., Lüsebrink, F., Mattern, H., Liu, K. Y., Priovoulos, N., Fliessbach, K., Dahl, M. 894 

J., … Hämmerer, D. (2019). Locus coeruleus imaging as a biomarker for noradrenergic 895 

dysfunction in neurodegenerative diseases. Brain: A Journal of Neurology, 142(9), 896 

2558–2571. https://doi.org/10.1093/brain/awz193 897 

Björkstrand, J., Schiller, D., Li, J., Davidson, P., Rosén, J., Mårtensson, J., & Kirk, U. (2019). 898 

The effect of mindfulness training on extinction retention. Scientific Reports, 9(1), 19896. 899 

Bostock, S., Crosswell, A. D., Prather, A. A., & Steptoe, A. (2019). Mindfulness on-the-go: 900 

Effects of a mindfulness meditation app on work stress and well-being. Journal of 901 

Occupational Health Psychology, 24(1), 127. 902 

Bouret, S., & Richmond, B. J. (2015). Sensitivity of locus ceruleus neurons to reward value for 903 

goal-directed actions. The Journal of Neuroscience: The Official Journal of the Society 904 

for Neuroscience, 35(9), 4005–4014. https://doi.org/10.1523/JNEUROSCI.4553-14.2015 905 

Bouret, S., & Sara, S. J. (2004). Reward expectation, orientation of attention and locus 906 

coeruleus-medial frontal cortex interplay during learning. The European Journal of 907 

Neuroscience, 20(3), 791–802. https://doi.org/10.1111/j.1460-9568.2004.03526.x 908 

Bouret, S., & Sara, S. J. (2005). Network reset: A simplified overarching theory of locus 909 

coeruleus noradrenaline function. Trends in Neurosciences, 28(11), 574–582. 910 

https://doi.org/10.1016/j.tins.2005.09.002 911 

Braak, H., & Del Tredici, K. (2015). The preclinical phase of the pathological process underlying 912 

sporadic Alzheimer’s disease. Brain: A Journal of Neurology, 138(Pt 10), 2814–2833. 913 

https://doi.org/10.1093/brain/awv236 914 

Braak, H., Thal, D. R., Ghebremedhin, E., & Del Tredici, K. (2011). Stages of the pathologic 915 

process in Alzheimer disease: Age categories from 1 to 100 years. Journal of 916 

eNeuro Acce
pted M

an
uscr

ipt



 

Neuropathology and Experimental Neurology, 70(11), 960–969. 917 

https://doi.org/10.1097/NEN.0b013e318232a379 918 

Brainard, D. H. (1997). The Psychophysics Toolbox. Spatial Vision, 10(4), 433–436. 919 

https://doi.org/10.1163/156856897X00357 920 

Brown, K. W., & Ryan, R. M. (2003). Mindful Attention Awareness Scale. 921 

https://doi.org/10.1037/t04259-000 922 

Burgess, A., Cavanagh, K., Strauss, C., & Oliver, B. R. (2022). Headspace for parents: 923 

Qualitative report investigating the use of a mindfulness-based app for managing 924 

parents’ stress during COVID-19. BJPsych Open, 8(1), e15. 925 

https://doi.org/10.1192/bjo.2021.1070 926 

Campbell, K. L., & Ryan, J. D. (2009). The Effects of Practice and External Support on Older 927 

Adults’ Control of Reflexive Eye Movements. Aging, Neuropsychology, and Cognition, 928 

16(6), 745–763. https://doi.org/10.1080/13825580902926846 929 

Cassidy, C. M., Therriault, J., Pascoal, T. A., Cheung, V., Savard, M., Tuominen, L., Chamoun, 930 

M., McCall, A., Celebi, S., Lussier, F., Massarweh, G., Soucy, J.-P., Weinshenker, D., 931 

Tardif, C., Ismail, Z., Gauthier, S., & Rosa-Neto, P. (2022). Association of locus 932 

coeruleus integrity with Braak stage and neuropsychiatric symptom severity in 933 

Alzheimer’s disease. Neuropsychopharmacology, 47(5), Article 5. 934 

https://doi.org/10.1038/s41386-022-01293-6 935 

Chamberlain, S. R., & Robbins, T. W. (2013). Noradrenergic modulation of cognition: 936 

Therapeutic implications. Journal of Psychopharmacology (Oxford, England), 27(8), 937 

694–718. https://doi.org/10.1177/0269881113480988 938 

eNeuro Acce
pted M

an
uscr

ipt



 

Champion, L., Economides, M., & Chandler, C. (2018). The efficacy of a brief app-based 939 

mindfulness intervention on psychosocial outcomes in healthy adults: A pilot randomised 940 

controlled trial. PLOS ONE, 13(12), e0209482. 941 

https://doi.org/10.1371/journal.pone.0209482 942 

Chandler, D. J. (2016). Evidence for a specialized role of the locus coeruleus noradrenergic 943 

system in cortical circuitries and behavioral operations. Brain Research, 1641(Pt B), 944 

197–206. https://doi.org/10.1016/j.brainres.2015.11.022 945 

Chehrehnegar, N., Nejati, V., Shati, M., Esmaeili, M., Rezvani, Z., Haghi, M., & Foroughan, M. 946 

(2019). Behavioral and cognitive markers of mild cognitive impairment: Diagnostic value 947 

of saccadic eye movements and Simon task. Aging Clinical and Experimental Research, 948 

31(11), 1591–1600. https://doi.org/10.1007/s40520-019-01121-w 949 

Chiesa, A., Calati, R., & Serretti, A. (2011). Does mindfulness training improve cognitive 950 

abilities? A systematic review of neuropsychological findings. Clinical Psychology 951 

Review, 31(3), 449–464. https://doi.org/10.1016/j.cpr.2010.11.003 952 

Clark, C. R., Geffen, G. M., & Geffen, L. B. (1989). Catecholamines and the covert orientation of 953 

attention in humans. Neuropsychologia, 27(2), 131–139. https://doi.org/10.1016/0028-954 

3932(89)90166-8 955 

Clewett, D. V., Lee, T.-H., Greening, S., Ponzio, A., Margalit, E., & Mather, M. (2016). 956 

Neuromelanin marks the spot: Identifying a locus coeruleus biomarker of cognitive 957 

reserve in healthy aging. Neurobiology of Aging, 37, 117–126. 958 

https://doi.org/10.1016/j.neurobiolaging.2015.09.019 959 

Cohen, J. (2016). A power primer (p. 284). American Psychological Association. 960 

https://doi.org/10.1037/14805-018 961 

eNeuro Acce
pted M

an
uscr

ipt



 

Corbetta, M., Patel, G., & Shulman, G. L. (2008). The Reorienting System of the Human Brain: 962 

From Environment to Theory of Mind. Neuron, 58(3), 306–324. 963 

https://doi.org/10.1016/j.neuron.2008.04.017 964 

Corbetta, M., & Shulman, G. L. (2002). Control of goal-directed and stimulus-driven attention in 965 

the brain. Nature Reviews Neuroscience, 3(3), 201–215. https://doi.org/10.1038/nrn755 966 

Coull, J., Nobre, A., & Frith, C. (2001). The noradrenergic α2 agonist clonidine modulates 967 

behavioural and neuroanatomical correlates of human attentional orienting and alerting. 968 

Cerebral Cortex, 11(1), 73–84. 969 

Craigmyle, N. (2013). The beneficial effects of meditation: Contribution of the anterior cingulate 970 

and locus coeruleus. Frontiers in Psychology, 4. 971 

https://www.frontiersin.org/articles/10.3389/fpsyg.2013.00731 972 

Dahl, M. J., Bachman, S. L., Dutt, S., Düzel, S., Bodammer, N. C., Lindenberger, U., Kühn, S., 973 

Werkle-Bergner, M., & Mather, M. (2022). The integrity of dopaminergic and 974 

noradrenergic brain regions is associated with different aspects of late-life memory 975 

performance (p. 2022.10.12.511748). bioRxiv. 976 

https://doi.org/10.1101/2022.10.12.511748 977 

Dahl, M. J., Bachman, S. L., Dutt, S., Düzel, S., Bodammer, N. C., Lindenberger, U., Kühn, S., 978 

Werkle-Bergner, M., & Mather, M. (2023). The integrity of dopaminergic and 979 

noradrenergic brain regions is associated with different aspects of late-life memory 980 

performance. Nature Aging, 1–16. https://doi.org/10.1038/s43587-023-00469-z 981 

Dahl, M. J., Mather, M., Düzel, S., Bodammer, N. C., Lindenberger, U., Kühn, S., & Werkle-982 

Bergner, M. (2019). Rostral locus coeruleus integrity is associated with better memory 983 

performance in older adults. Nature Human Behaviour, 3(11), Article 11. 984 

https://doi.org/10.1038/s41562-019-0715-2 985 

eNeuro Acce
pted M

an
uscr

ipt



 

Dalley, J. W., McGaughy, J., O’Connell, M. T., Cardinal, R. N., Levita, L., & Robbins, T. W. 986 

(2001). Distinct Changes in Cortical Acetylcholine and Noradrenaline Efflux during 987 

Contingent and Noncontingent Performance of a Visual Attentional Task. Journal of 988 

Neuroscience, 21(13), 4908–4914. https://doi.org/10.1523/JNEUROSCI.21-13-989 

04908.2001 990 

De Tommaso, M., & Turatto, M. (2019). Learning to ignore salient distractors: Attentional set 991 

and habituation. Visual Cognition, 27(3–4), 214–226. 992 

https://doi.org/10.1080/13506285.2019.1583298 993 

Dickenson, J., Berkman, E. T., Arch, J., & Lieberman, M. D. (2013). Neural correlates of 994 

focused attention during a brief mindfulness induction. Social Cognitive and Affective 995 

Neuroscience, 8(1), 40–47. https://doi.org/10.1093/scan/nss030 996 

Dorris, M. C., Klein, R. M., Everling, S., & Munoz, D. P. (2002). Contribution of the primate 997 

superior colliculus to inhibition of return. Journal of Cognitive Neuroscience, 14(8), 998 

1256–1263. https://doi.org/10.1162/089892902760807249 999 

Dorris, M. C., & Munoz, D. P. (1995). A neural correlate for the gap effect on saccadic reaction 1000 

times in monkey. Journal of Neurophysiology, 73(6), 2558–2562. 1001 

https://doi.org/10.1152/jn.1995.73.6.2558 1002 

Eberth, J., & Sedlmeier, P. (2012). The Effects of Mindfulness Meditation: A Meta-Analysis. 1003 

Mindfulness, 3(3), 174–189. https://doi.org/10.1007/s12671-012-0101-x 1004 

Economides, M., Martman, J., Bell, M. J., & Sanderson, B. (2018). Improvements in stress, 1005 

affect, and irritability following brief use of a mindfulness-based smartphone app: A 1006 

randomized controlled trial. Mindfulness, 9(5), 1584–1593. 1007 

eNeuro Acce
pted M

an
uscr

ipt



 

Elman, J. A., Panizzon, M. S., Hagler, D. J., Eyler, L. T., Granholm, E. L., Fennema-Notestine, 1008 

C., Lyons, M. J., McEvoy, L. K., Franz, C. E., Dale, A. M., & Kremen, W. S. (2017). 1009 

Task-evoked pupil dilation and BOLD variance as indicators of locus coeruleus 1010 

dysfunction. Cortex, 97, 60–69. https://doi.org/10.1016/j.cortex.2017.09.025 1011 

Elman, J. A., Puckett, O. K., Beck, A., Fennema-Notestine, C., Cross, L. K., Dale, A. M., Eglit, 1012 

G. M. L., Eyler, L. T., Gillespie, N. A., Granholm, E. L., Gustavson, D. E., Hagler, D. J., 1013 

Hatton, S. N., Hauger, R., Jak, A. J., Logue, M. W., McEvoy, L. K., McKenzie, R. E., 1014 

Neale, M. C., … Kremen, W. S. (2021). MRI-assessed locus coeruleus integrity is 1015 

heritable and associated with multiple cognitive domains, mild cognitive impairment, and 1016 

daytime dysfunction. Alzheimer’s & Dementia: The Journal of the Alzheimer’s 1017 

Association, 17(6), Article 6. https://doi.org/10.1002/alz.12261 1018 

Fish, J., Brimson, J., & Lynch, S. (2016). Mindfulness Interventions Delivered by Technology 1019 

Without Facilitator Involvement: What Research Exists and What Are the Clinical 1020 

Outcomes? Mindfulness, 7(5), 1011–1023. https://doi.org/10.1007/s12671-016-0548-2 1021 

Flett, J. A. M., Hayne, H., Riordan, B. C., Thompson, L. M., & Conner, T. S. (2019). Mobile 1022 

Mindfulness Meditation: A Randomised Controlled Trial of the Effect of Two Popular 1023 

Apps on Mental Health. Mindfulness, 10(5), 863–876. https://doi.org/10.1007/s12671-1024 

018-1050-9 1025 

Fountain-Zaragoza, S., Londerée, A., Whitmoyer, P., & Prakash, R. S. (2016). Dispositional 1026 

mindfulness and the wandering mind: Implications for attentional control in older adults. 1027 

Consciousness and Cognition, 44, 193–204. 1028 

https://doi.org/10.1016/j.concog.2016.08.003 1029 

eNeuro Acce
pted M

an
uscr

ipt



 

Gallant, S. N. (2016). Mindfulness meditation practice and executive functioning: Breaking down 1030 

the benefit. Consciousness and Cognition, 40, 116–130. 1031 

https://doi.org/10.1016/j.concog.2016.01.005 1032 

Gannon, M., & Wang, Q. (2019). Complex noradrenergic dysfunction in Alzheimer’s disease: 1033 

Low norepinephrine input is not always to blame. Brain Research, 1702, 12–16. 1034 

https://doi.org/10.1016/j.brainres.2018.01.001 1035 

Gaspelin, N., Leonard, C. J., & Luck, S. J. (2017). Suppression of overt attentional capture by 1036 

salient-but-irrelevant color singletons. Attention, Perception, & Psychophysics, 79(1), 1037 

45–62. https://doi.org/10.3758/s13414-016-1209-1 1038 

Gaspelin, N., & Luck, S. J. (2019). Inhibition as a potential resolution to the attentional capture 1039 

debate. Current Opinion in Psychology, 29, 12–18. 1040 

https://doi.org/10.1016/j.copsyc.2018.10.013 1041 

Gavrilova, L., & Zawadzki, M. J. (2023). Examining How Headspace Impacts Mindfulness 1042 

Mechanisms Over an 8-Week App-Based Mindfulness Intervention. Mindfulness, 14(9), 1043 

2236–2249. https://doi.org/10.1007/s12671-023-02214-4 1044 

Ghosh, S., & Maunsell, J. H. R. (2022a). Locus coeruleus norepinephrine selectively controls 1045 

visual attention [Preprint]. Neuroscience. https://doi.org/10.1101/2022.09.30.510394 1046 

Ghosh, S., & Maunsell, J. H. R. (2022b). Locus coeruleus norepinephrine selectively controls 1047 

visual attention [Preprint]. Neuroscience. https://doi.org/10.1101/2022.09.30.510394 1048 

Ghosh, S., & Maunsell, J. H. R. (2024). Locus coeruleus norepinephrine contributes to visual-1049 

spatial attention by selectively enhancing perceptual sensitivity. Neuron, 112(13), 2231-1050 

2240.e5. https://doi.org/10.1016/j.neuron.2024.04.001 1051 

eNeuro Acce
pted M

an
uscr

ipt



 

Glickman, M. E., Rao, S. R., & Schultz, M. R. (2014). False discovery rate control is a 1052 

recommended alternative to Bonferroni-type adjustments in health studies. Journal of 1053 

Clinical Epidemiology, 67(8), 850–857. https://doi.org/10.1016/j.jclinepi.2014.03.012 1054 

Goyal, M., Singh, S., Sibinga, E. M., Gould, N. F., Rowland-Seymour, A., Sharma, R., Berger, 1055 

Z., Sleicher, D., Maron, D. D., Shihab, H. M., & others. (2014). Meditation programs for 1056 

psychological stress and well-being: A systematic review and meta-analysis. JAMA 1057 

Internal Medicine, 174(3), 357–368. 1058 

Graves, T., & Egeth, H. E. (2015). When Does Feature Search Fail to Protect Against 1059 

Attentional Capture? Visual Cognition, 23(9–10), 1098–1123. 1060 

https://doi.org/10.1080/13506285.2016.1145159 1061 

Hämmerer, D., Callaghan, M. F., Hopkins, A., Kosciessa, J., Betts, M., Cardenas-Blanco, A., 1062 

Kanowski, M., Weiskopf, N., Dayan, P., Dolan, R. J., & Düzel, E. (2018). Locus 1063 

coeruleus integrity in old age is selectively related to memories linked with salient 1064 

negative events. Proceedings of the National Academy of Sciences of the United States 1065 

of America, 115(9), 2228–2233. https://doi.org/10.1073/pnas.1712268115 1066 

Herrmann, B., & Ryan, J. D. (2024). Pupil size and eye movements differently index effort in 1067 

both younger and older adults [Preprint]. Neuroscience. 1068 

https://doi.org/10.1101/2024.01.13.575506 1069 

Hobson, J. (2015). The Montreal Cognitive Assessment (MoCA). Occupational Medicine, 65(9), 1070 

764–765. https://doi.org/10.1093/occmed/kqv078 1071 

Hollingworth, A., & Bahle, B. (2020). Eye Tracking in Visual Search Experiments. In S. Pollmann 1072 

(Ed.), Spatial Learning and Attention Guidance (pp. 23–35). Springer US. 1073 

https://doi.org/10.1007/7657_2019_30 1074 

eNeuro Acce
pted M

an
uscr

ipt



 

Hoover, E. B., Butaney, B., Bernard, K., Coplan, B., LeLacheur, S., Straker, H., Carr, C., 1075 

Blesse-Hampton, L., Naidu, A., & LaRue, A. (2022). Comparing the Effectiveness of 1076 

Virtual and In-Person Delivery of Mindfulness-Based Skills Within Healthcare 1077 

Curriculums. Medical Science Educator, 32(3), 627–640. https://doi.org/10.1007/s40670-1078 

022-01554-5 1079 

Howarth, A., Smith, J. G., Perkins-Porras, L., & Ussher, M. (2019). Effects of Brief Mindfulness-1080 

Based Interventions on Health-Related Outcomes: A Systematic Review. Mindfulness, 1081 

10(10), 1957–1968. https://doi.org/10.1007/s12671-019-01163-1 1082 

Jha, A. P., Krompinger, J., & Baime, M. J. (2007). Mindfulness training modifies subsystems of 1083 

attention. Cognitive, Affective, & Behavioral Neuroscience, 7(2), 109–119. 1084 

https://doi.org/10.3758/CABN.7.2.109 1085 

Kelley, T. A., & Yantis, S. (2009). Learning to attend: Effects of practice on information 1086 

selection. Journal of Vision, 9(7), 16. https://doi.org/10.1167/9.7.16 1087 

Kim, A., & Anderson, B. (2022). Systemic effects of selection history on learned ignoring. 1088 

Psychonomic Bulletin & Review, 29(4), Article 4. https://doi.org/10.3758/s13423-021-1089 

02050-4 1090 

Kim, A., Grégoire, L., & Anderson, B. A. (2024). Reliably Measuring Learning-Dependent 1091 

Distractor Suppression with Eye Tracking (p. 2024.02.23.581757). bioRxiv. 1092 

https://doi.org/10.1101/2024.02.23.581757 1093 

Kim, A., Senior, J., Chu, S., & Mather, M. (2024). Aging Impairs Reactive Attentional Control but 1094 

Not Proactive Distractor Inhibition. Journal of Experimental Psychology: General. 1095 

Koçoğlu, K., Hodgson, T. L., Eraslan Boz, H., & Akdal, G. (2021). Deficits in saccadic eye 1096 

movements differ between subtypes of patients with mild cognitive impairment. Journal 1097 

eNeuro Acce
pted M

an
uscr

ipt



 

of Clinical and Experimental Neuropsychology, 43(2), 187–198. 1098 

https://doi.org/10.1080/13803395.2021.1900077 1099 

Krauzlis, R. J., Lovejoy, L. P., & Zénon, A. (2013). Superior colliculus and visual spatial 1100 

attention. Annual Review of Neuroscience, 36, 165–182. 1101 

https://doi.org/10.1146/annurev-neuro-062012-170249 1102 

Kubo, A., Altschuler, A., Kurtovich, E., Hendlish, S., Laurent, C. A., Kolevska, T., Li, Y., & Avins, 1103 

A. (2018). A Pilot Mobile-Based Mindfulness Intervention for Cancer Patients and Their 1104 

Informal Caregivers. Mindfulness, 9(6), 1885–1894. https://doi.org/10.1007/s12671-018-1105 

0931-2 1106 

Lee, T.-H., Greening, S. G., Ueno, T., Clewett, D., Ponzio, A., Sakaki, M., & Mather, M. (2018). 1107 

Arousal increases neural gain via the locus coeruleus–noradrenaline system in younger 1108 

adults but not in older adults. Nature Human Behaviour, 2(5), Article 5. 1109 

https://doi.org/10.1038/s41562-018-0344-1 1110 

Lee, T.-H., Kim, S. H., Katz, B., & Mather, M. (2020). The Decline in Intrinsic Connectivity 1111 

Between the Salience Network and Locus Coeruleus in Older Adults: Implications for 1112 

Distractibility. Frontiers in Aging Neuroscience, 12. 1113 

https://www.frontiersin.org/articles/10.3389/fnagi.2020.00002 1114 

Lien, M.-C., Ruthruff, E., & Hauck, C. (2022). On preventing attention capture: Is singleton 1115 

suppression actually singleton suppression? Psychological Research, 86(6), 1958–1971. 1116 

https://doi.org/10.1007/s00426-021-01599-y 1117 

Liu, K. Y., Kievit, R. A., Tsvetanov, K. A., Betts, M. J., Düzel, E., Rowe, J. B., Howard, R., & 1118 

Hämmerer, D. (2020). Noradrenergic-dependent functions are associated with age-1119 

related locus coeruleus signal intensity differences. Nature Communications, 11(1), 1120 

Article 1. https://doi.org/10.1038/s41467-020-15410-w 1121 

eNeuro Acce
pted M

an
uscr

ipt



 

Liu, K. Y., Marijatta, F., Hämmerer, D., Acosta-Cabronero, J., Düzel, E., & Howard, R. J. (2017). 1122 

Magnetic resonance imaging of the human locus coeruleus: A systematic review. 1123 

Neuroscience & Biobehavioral Reviews, 83, 325–355. 1124 

https://doi.org/10.1016/j.neubiorev.2017.10.023 1125 

Logemann, H. N. A., Böcker, K. B. E., Deschamps, P. K. H., Kemner, C., & Kenemans, J. L. 1126 

(2014). The effect of attenuating noradrenergic neurotransmission by clonidine on brain 1127 

activity measures of visuospatial attention. Human Psychopharmacology: Clinical and 1128 

Experimental, 29(1), 46–54. https://doi.org/10.1002/hup.2367 1129 

Luck, S. J., Gaspelin, N., Folk, C. L., Remington, R. W., & Theeuwes, J. (2021). Progress 1130 

toward resolving the attentional capture debate. Visual Cognition, 29(1), 1–21. 1131 

https://doi.org/10.1080/13506285.2020.1848949 1132 

Mahlo, L., & Windsor, T. D. (2021). Feasibility, Acceptability, and Preliminary Efficacy of an App-1133 

Based Mindfulness-Meditation Program Among Older Adults. The Gerontologist, 61(5), 1134 

775–786. https://doi.org/10.1093/geront/gnaa093 1135 

Mani, M., Kavanagh, D. J., Hides, L., & Stoyanov, S. R. (2015). Review and Evaluation of 1136 

Mindfulness-Based iPhone Apps. JMIR mHealth and uHealth, 3(3), e4328. 1137 

https://doi.org/10.2196/mhealth.4328 1138 

Mather, M. (2020). How Arousal-Related Neurotransmitter Systems Compensate for Age-1139 

Related Decline. In A. Gutchess & A. K. Thomas (Eds.), The Cambridge Handbook of 1140 

Cognitive Aging: A Life Course Perspective (pp. 101–120). Cambridge University Press. 1141 

https://doi.org/10.1017/9781108552684.007 1142 

Mather, M., & Harley, C. W. (2016). The Locus Coeruleus: Essential for Maintaining Cognitive 1143 

Function and the Aging Brain. Trends in Cognitive Sciences, 20(3), 214–226. 1144 

https://doi.org/10.1016/j.tics.2016.01.001 1145 

eNeuro Acce
pted M

an
uscr

ipt



 

Matthews, K. L., Chen, C. P. L.-H., Esiri, M. M., Keene, J., Minger, S. L., & Francis, P. T. (2002). 1146 

Noradrenergic changes, aggressive behavior, and cognition in patients with dementia. 1147 

Biological Psychiatry, 51(5), 407–416. https://doi.org/10.1016/s0006-3223(01)01235-5 1148 

Maunsell, J. H., & Gibson, J. R. (1992). Visual response latencies in striate cortex of the 1149 

macaque monkey. Journal of Neurophysiology, 68(4), 1332–1344. 1150 

https://doi.org/10.1152/jn.1992.68.4.1332 1151 

McGaughy, J., Ross, R. S., & Eichenbaum, H. (2008). Noradrenergic, but not cholinergic, 1152 

deafferentation of prefrontal cortex impairs attentional set-shifting. Neuroscience, 153(1), 1153 

63–71. https://doi.org/10.1016/j.neuroscience.2008.01.064 1154 

Melnychuk, M. C., Dockree, P. M., O’Connell, R. G., Murphy, P. R., Balsters, J. H., & 1155 

Robertson, I. H. (2018). Coupling of respiration and attention via the locus coeruleus: 1156 

Effects of meditation and pranayama. Psychophysiology, 55(9), e13091. 1157 

https://doi.org/10.1111/psyp.13091 1158 

Mirabito, G., & Verhaeghen, P. (2023). The Effects of Mindfulness Interventions on Older Adults’ 1159 

Cognition: A Meta-Analysis. The Journals of Gerontology: Series B, 78(3), 394–408. 1160 

https://doi.org/10.1093/geronb/gbac143 1161 

Molitor, R. J., Ko, P. C., & Ally, B. A. (2015). Eye Movements in Alzheimer’s Disease. Journal of 1162 

Alzheimer’s Disease : JAD, 44(1), 1–12. https://doi.org/10.3233/JAD-141173 1163 

Mora Álvarez, M. G., Hölzel, B. K., Bremer, B., Wilhelm, M., Hell, E., Tavacioglu, E. E., Koch, 1164 

K., & Torske, A. (2023). Effects of web-based mindfulness training on psychological 1165 

outcomes, attention, and neuroplasticity. Scientific Reports, 13(1), 22635. 1166 

https://doi.org/10.1038/s41598-023-48706-0 1167 

eNeuro Acce
pted M

an
uscr

ipt



 

Morrison, J. H., & Foote, S. L. (1986). Noradrenergic and serotoninergic innervation of cortical, 1168 

thalamic, and tectal visual structures in old and new world monkeys. Journal of 1169 

Comparative Neurology, 243(1), 117–138. https://doi.org/10.1002/cne.902430110 1170 

Mravec, B., Lejavova, K., & Cubinkova, V. (2014). Locus (coeruleus) minoris resistentiae in 1171 

pathogenesis of Alzheimer’s disease. Current Alzheimer Research, 11(10), 992–1001. 1172 

https://doi.org/10.2174/1567205011666141107130505 1173 

Mrazek, A. J., Mrazek, M. D., Cherolini, C. M., Cloughesy, J. N., Cynman, D. J., Gougis, L. J., 1174 

Landry, A. P., Reese, J. V., & Schooler, J. W. (2019). The future of mindfulness training 1175 

is digital, and the future is now. Current Opinion in Psychology, 28, 81–86. 1176 

https://doi.org/10.1016/j.copsyc.2018.11.012 1177 

Nelson, P. T., Alafuzoff, I., Bigio, E. H., Bouras, C., Braak, H., Cairns, N. J., Castellani, R. J., 1178 

Crain, B. J., Davies, P., Del Tredici, K., Duyckaerts, C., Frosch, M. P., Haroutunian, V., 1179 

Hof, P. R., Hulette, C. M., Hyman, B. T., Iwatsubo, T., Jellinger, K. A., Jicha, G. A., … 1180 

Beach, T. G. (2012). Correlation of Alzheimer disease neuropathologic changes with 1181 

cognitive status: A review of the literature. Journal of Neuropathology and Experimental 1182 

Neurology, 71(5), 362–381. https://doi.org/10.1097/NEN.0b013e31825018f7 1183 

Noone, C., & Hogan, M. J. (2018). A randomised active-controlled trial to examine the effects of 1184 

an online mindfulness intervention on executive control, critical thinking and key thinking 1185 

dispositions in a university student sample. BMC Psychology, 6, 1–18. 1186 

O’Daffer, A., Colt, S. F., Wasil, A. R., & Lau, N. (2022). Efficacy and Conflicts of Interest in 1187 

Randomized Controlled Trials Evaluating Headspace and Calm Apps: Systematic 1188 

Review. JMIR Mental Health, 9(9), e40924. https://doi.org/10.2196/40924 1189 

Orosa-Duarte, Á., Mediavilla, R., Muñoz-Sanjose, A., Palao, Á., Garde, J., López-Herrero, V., 1190 

Bravo-Ortiz, M.-F., Bayón, C., & Rodríguez-Vega, B. (2021). Mindfulness-based mobile 1191 

eNeuro Acce
pted M

an
uscr

ipt



 

app reduces anxiety and increases self-compassion in healthcare students: A 1192 

randomised controlled trial. Medical Teacher, 43(6), 686–693. 1193 

https://doi.org/10.1080/0142159X.2021.1887835 1194 

Qi, J., Lian, T., Guo, P., He, M., Li, J., Li, J., Luo, D., Zhang, Y., Huang, Y., Liu, G., Zheng, Z., 1195 

Guan, H., Zhang, W., Yue, H., Liu, Z., Zhang, F., Meng, Y., Wang, R., Zhang, W., & 1196 

Zhang, W. (2024). Abnormal eye movements: Relationship with clinical symptoms and 1197 

predictive value for Alzheimer’s disease. Frontiers in Aging Neuroscience, 16. 1198 

https://doi.org/10.3389/fnagi.2024.1471698 1199 

Reynaud, A. J., Froesel, M., Guedj, C., Ben Hadj Hassen, S., Cléry, J., Meunier, M., Ben 1200 

Hamed, S., & Hadj-Bouziane, F. (2019). Atomoxetine improves attentional orienting in a 1201 

predictive context. Neuropharmacology, 150, 59–69. 1202 

https://doi.org/10.1016/j.neuropharm.2019.03.012 1203 

Sara, S. J., & Bouret, S. (2012). Orienting and Reorienting: The Locus Coeruleus Mediates 1204 

Cognition through Arousal. Neuron, 76(1), Article 1. 1205 

https://doi.org/10.1016/j.neuron.2012.09.011 1206 

Sedlmeier, P., Eberth, J., Schwarz, M., Zimmermann, D., Haarig, F., Jaeger, S., & Kunze, S. 1207 

(2012). The psychological effects of meditation: A meta-analysis. Psychological Bulletin, 1208 

138(6), 1139–1171. https://doi.org/10.1037/a0028168 1209 

Semple, R. J. (2010). Does Mindfulness Meditation Enhance Attention? A Randomized 1210 

Controlled Trial. Mindfulness, 1(2), 121–130. https://doi.org/10.1007/s12671-010-0017-2 1211 

Singleton, O., Hölzel, B. K., Vangel, M., Brach, N., Carmody, J., & Lazar, S. W. (2014). Change 1212 

in brainstem gray matter concentration following a mindfulness-based intervention is 1213 

correlated with improvement in psychological well-being. Frontiers in Human 1214 

Neuroscience, 8, 33. 1215 

eNeuro Acce
pted M

an
uscr

ipt



 

Snyder, K., Wang, W.-W., Han, R., McFadden, K., & Valentino, R. J. (2012). Corticotropin-1216 

Releasing Factor in the Norepinephrine Nucleus, Locus Coeruleus, Facilitates 1217 

Behavioral Flexibility. Neuropsychopharmacology, 37(2), 520–530. 1218 

https://doi.org/10.1038/npp.2011.218 1219 

Sommerauer, M., Fedorova, T. D., Hansen, A. K., Knudsen, K., Otto, M., Jeppesen, J., 1220 

Frederiksen, Y., Blicher, J. U., Geday, J., Nahimi, A., Damholdt, M. F., Brooks, D. J., & 1221 

Borghammer, P. (2018). Evaluation of the noradrenergic system in Parkinson’s disease: 1222 

An 11C-MeNER PET and neuromelanin MRI study. Brain: A Journal of Neurology, 1223 

141(2), 496–504. https://doi.org/10.1093/brain/awx348 1224 

Stilwell, B. T., Egeth, H., & Gaspelin, N. (2022). Electrophysiological Evidence for the 1225 

Suppression of Highly Salient Distractors. Journal of Cognitive Neuroscience, 34(5), 1226 

787–805. https://doi.org/10.1162/jocn_a_01827 1227 

Sumantry, D., & Stewart, K. E. (2021). Meditation, Mindfulness, and Attention: A Meta-analysis. 1228 

Mindfulness, 12(6), 1332–1349. https://doi.org/10.1007/s12671-021-01593-w 1229 

Suzuki, T. W., & Tanaka, M. (2017). Causal Role of Noradrenaline in the Timing of Internally 1230 

Generated Saccades in Monkeys. Neuroscience, 366, 15–22. 1231 

https://doi.org/10.1016/j.neuroscience.2017.10.003 1232 

Takahashi, J., Shibata, T., Sasaki, M., Kudo, M., Yanezawa, H., Obara, S., Kudo, K., Ito, K., 1233 

Yamashita, F., & Terayama, Y. (2015). Detection of changes in the locus coeruleus in 1234 

patients with mild cognitive impairment and Alzheimer’s disease: High-resolution fast 1235 

spin-echo T1-weighted imaging. Geriatrics & Gerontology International, 15(3), 334–340. 1236 

https://doi.org/10.1111/ggi.12280 1237 

eNeuro Acce
pted M

an
uscr

ipt



 

Talanow, T., Kasparbauer, A.-M., Lippold, J. V., Weber, B., & Ettinger, U. (2020). Neural 1238 

correlates of proactive and reactive inhibition of saccadic eye movements. Brain Imaging 1239 

and Behavior, 14(1), 72–88. https://doi.org/10.1007/s11682-018-9972-3 1240 

Tang, Y.-Y., Holzel, B., & Posner, M. (2015). The neuroscience of mindfulness meditation. 1241 

Nature Reviews Neuroscience, 16. https://doi.org/10.1038/nrn3916 1242 

Tang, Y.-Y., Ma, Y., Wang, J., Fan, Y., Feng, S., Lu, Q., Yu, Q., Sui, D., Rothbart, M. K., Fan, 1243 

M., & Posner, M. I. (2007). Short-term meditation training improves attention and self-1244 

regulation. Proceedings of the National Academy of Sciences, 104(43), 17152–17156. 1245 

https://doi.org/10.1073/pnas.0707678104 1246 

Theofilas, P., Ehrenberg, A. J., Dunlop, S., Di Lorenzo Alho, A. T., Nguy, A., Leite, R. E. P., 1247 

Rodriguez, R. D., Mejia, M. B., Suemoto, C. K., Ferretti-Rebustini, R. E. D. L., Polichiso, 1248 

L., Nascimento, C. F., Seeley, W. W., Nitrini, R., Pasqualucci, C. A., Jacob Filho, W., 1249 

Rueb, U., Neuhaus, J., Heinsen, H., & Grinberg, L. T. (2017). Locus coeruleus volume 1250 

and cell population changes during Alzheimer’s disease progression: A stereological 1251 

study in human postmortem brains with potential implication for early-stage biomarker 1252 

discovery. Alzheimer’s & Dementia: The Journal of the Alzheimer’s Association, 13(3), 1253 

236–246. https://doi.org/10.1016/j.jalz.2016.06.2362 1254 

Valentino, R. J., & Van Bockstaele, E. (2008). Convergent Regulation of Locus Coeruleus 1255 

Activity as an adaptive Response to Stress. European Journal of Pharmacology, 583(2–1256 

3), Article 2–3. https://doi.org/10.1016/j.ejphar.2007.11.062 1257 

Vatterott, D. B., Mozer, M. C., & Vecera, S. P. (2018). Rejecting salient distractors: 1258 

Generalization from experience. Attention, Perception, & Psychophysics, 80(2), 485–1259 

499. https://doi.org/10.3758/s13414-017-1465-8 1260 

eNeuro Acce
pted M

an
uscr

ipt



 

Vatterott, D. B., & Vecera, S. P. (2012). Experience-dependent attentional tuning of distractor 1261 

rejection. Psychonomic Bulletin & Review, 19(5), 871–878. 1262 

https://doi.org/10.3758/s13423-012-0280-4 1263 

Vestergaard-Poulsen, P., van Beek, M., Skewes, J., Bjarkam, C. R., Stubberup, M., Bertelsen, 1264 

J., & Roepstorff, A. (2009). Long-term meditation is associated with increased gray 1265 

matter density in the brain stem. Neuroreport, 20(2), 170–174. 1266 

https://doi.org/10.1097/WNR.0b013e328320012a 1267 

Weinshenker, D. (2018). Long Road to Ruin: Noradrenergic Dysfunction in Neurodegenerative 1268 

Disease. Trends in Neurosciences, 41(4), Article 4. 1269 

https://doi.org/10.1016/j.tins.2018.01.010 1270 

Wilson, R. S., Nag, S., Boyle, P. A., Hizel, L. P., Yu, L., Buchman, A. S., Schneider, J. A., & 1271 

Bennett, D. A. (2013). Neural reserve, neuronal density in the locus ceruleus, and 1272 

cognitive decline. Neurology, 80(13), 1202–1208. 1273 

https://doi.org/10.1212/WNL.0b013e3182897103 1274 

Wimmer, L., Bellingrath, S., & von Stockhausen, L. (2020). Mindfulness Training for Improving 1275 

Attention Regulation in University Students: Is It Effective? and Do Yoga and Homework 1276 

Matter? Frontiers in Psychology, 11. https://doi.org/10.3389/fpsyg.2020.00719 1277 

Wöstmann, M., Störmer, V. S., Obleser, J., Addleman, D. A., Andersen, S. K., Gaspelin, N., 1278 

Geng, J. J., Luck, S. J., Noonan, M. P., Slagter, H. A., & Theeuwes, J. (2022). Ten 1279 

simple rules to study distractor suppression. Progress in Neurobiology, 213, 102269. 1280 

https://doi.org/10.1016/j.pneurobio.2022.102269 1281 

Wu, J., Ma, Y., Zuo, Y., Zheng, K., Zhou, Z., Qin, Y., & Ren, Z. (2022). Effects of Mindfulness 1282 

Exercise Guided by a Smartphone App on Negative Emotions and Stress in Non-Clinical 1283 

eNeuro Acce
pted M

an
uscr

ipt



 

Populations: A Systematic Review and Meta-Analysis. Frontiers in Public Health, 9. 1284 

https://doi.org/10.3389/fpubh.2021.773296 1285 

Yuan, J. P., Connolly, C. G., Henje, E., Sugrue, L. P., Yang, T. T., Xu, D., & Tymofiyeva, O. 1286 

(2020). Gray matter changes in adolescents participating in a meditation training. 1287 

Frontiers in Human Neuroscience, 14, 319. 1288 

Zeidan, F., Emerson, N. M., Farris, S. R., Ray, J. N., Jung, Y., McHaffie, J. G., & Coghill, R. C. 1289 

(2015). Mindfulness Meditation-Based Pain Relief Employs Different Neural Mechanisms 1290 

Than Placebo and Sham Mindfulness Meditation-Induced Analgesia. The Journal of 1291 

Neuroscience, 35(46), 15307–15325. https://doi.org/10.1523/JNEUROSCI.2542-15.2015 1292 

Zeidan, F., Johnson, S. K., Diamond, B. J., David, Z., & Goolkasian, P. (2010). Mindfulness 1293 

meditation improves cognition: Evidence of brief mental training. Consciousness and 1294 

Cognition, 19(2), 597–605. https://doi.org/10.1016/j.concog.2010.03.014 1295 

Zhang, H., Sellers, J., Lee, T. G., & Jonides, J. (2025). The temporal dynamics of visual 1296 

attention. Journal of Experimental Psychology: General, 154(2), 435–456. 1297 

https://doi.org/10.1037/xge0001661 1298 

Zhang, S., Hu, S., Chao, H. H., & Li, C.-S. R. (2016). Resting-State Functional Connectivity of 1299 

the Locus Coeruleus in Humans: In Comparison with the Ventral Tegmental 1300 

Area/Substantia Nigra Pars Compacta and the Effects of Age. Cerebral Cortex, 26(8), 1301 

3413–3427. https://doi.org/10.1093/cercor/bhv172 1302 

 1303 

 1304 

Figure 1. Experiment Procedure and Visual Search Tasks. A) Participants were divided into 1305 

two groups and completed both visual search tasks during each lab visit. The first task (feature 1306 
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search) included four different shapes on each trial and measured proactive inhibition of the 1307 

distractor in B) distractor-absent and C) distractor-present trials. The second task (singleton 1308 

search) involved a shape singleton on each trial and measured mechanisms of attention capture 1309 

and reactive distractor disengagement in D) distractor-absent and E) and distractor-present 1310 

trials. Although both tasks incorporate a salient color distractor, the search mode required for 1311 

each task leads to different distractor processing mechanisms. 1312 

 1313 

Figure 2. Effects on attention capture by the salient distractor. In the feature search task, 1314 

the salient distractor is proactively suppressed. We did not find evidence that mindfulness 1315 

meditation modulates (A) first saccades to the distractor and the (B) oculomotor suppression 1316 

effect. In the singleton search task, the salient distractor is designed to be reactively disengaged 1317 

after fixation. Here, we found evidence that mindfulness meditation improves task-irrelevant 1318 

distractibility with (C) first saccades to the distractor and the (D) oculomotor capture effect. 1319 

Asterisks show statistical significance in the main effect of the mindfulness meditation 1320 

intervention in the 3x2 mixed ANOVA. For first saccades to the distractor, we show the 1321 

corrected p-value following multiple comparison corrections. *padj < .05, YA = young adults, mA 1322 

= middle-aged adults, OA = older adults. See Figure 2-1 for descriptive statistics. 1323 

 1324 

Figure 3. Effects on goal-directed attentional control. In the feature search task, we 1325 

identified that mindfulness meditation increases first saccades to the target shape in (A) 1326 

distractor-absent and (B) distractor-present trials. Interestingly, goal-directed attentional control 1327 

in distractor-present trials also improved in the audiobook (positive control) condition. In the 1328 

singleton search task, goal-directed attentional control did not improve in either condition in (C) 1329 

distractor-absent trials, but improved for both conditions in (D) distractor-present trials. Asterisks 1330 
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show statistical significance in the main effect of each intervention in the 3x2 mixed ANOVA and 1331 

we indicate the corrected p-values following multiple comparison corrections. *padj < .05, YA = 1332 

young adults, mA = middle-aged adults, OA = older adults. See Figure 3-1 for descriptive 1333 

statistics. 1334 

 1335 

Figure 4. Effects on attention processing speeds. We measured three mechanisms of 1336 

attentional control that assess processing speeds: fixation times as a proxy of orienting and 1337 

reorienting, mean saccadic reaction times as a proxy of saccade initiation, and dwell times as a 1338 

proxy of disengagement after stimulus rejection. In the feature search task, we identified that 1339 

mindfulness meditation (A) did not modulate overall fixation times, (B) improved saccadic 1340 

reaction times, and (C) did not modulate dwell times. In the singleton search task, we identified 1341 

that mindfulness meditation did not modulate (D) fixation times, (E) saccadic reaction times, nor 1342 

(F) dwell times. Asterisks indicate statistical significance in the main effect of each intervention 1343 

in the 3x2 mixed ANOVA and we indicate the corrected p-values following multiple comparison 1344 

corrections. *padj < .05, YA = young adults, mA = middle-aged adults, OA = older adults. See 1345 

Figure 4-1 for descriptive statistics. 1346 

 1347 

 1348 

 1349 

 1350 

 1351 

Measure Pearson’s r p-value 
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Oculomotor Suppression 

(Feature Search) 
.796 < .001 

Fixation Time 

(Feature Search) 
.603 < .001 

Saccadic Reaction Time 

(Feature Search) 
.360 .037 

Oculomotor Capture 

(Singleton Search) 
.819 < .001 

Fixation Time 

(Singleton Search) 
.896 < .001 

Saccadic Reaction Time 

(Singleton Search) 
.519 .001 

Table 1. Test-retest reliability of oculomotor control measures in both feature search and 1352 

singleton search tasks. 1353 

 1354 

 1355 

 1356 
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 1358 

 1359 
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 1362 

 1363 

 1364 

 1365 

 1366 

 1367 

  Young Adults 
Middle-Aged 

Adults 
Older Adults 

Measure Intervention Pre Post Pre Post Pre Post 

MAAS 

Mindfulness 
3.69 

(.24) 

3.74 

(.19) 

4.23 

(.34) 

4.14 

(.28) 

4.29 

(.18) 

4.54 

(.15) 

Audiobook 
3.79 

(.12) 

3.68 

(.14) 

3.98 

(.27) 

4.03 

(.27) 

4.67 

(.24) 

4.48 

(.23) 

FFMQ: 

Observation 

Mindfulness 
3.44 

(.13) 

3.42 

(.13) 

3.93 

(.21) 

3.97 

(.19) 

3.95 

(.14) 

3.81 

(.15) 

Audiobook 
3.51 

(.13) 

3.62 

(.13) 

3.90 

(.18) 

3.90 

(.18) 

3.78 

(.16) 

3.76 

(.18) 

FFMQ: 

Description 

 

Mindfulness 
3.27 

(.21) 

3.49 

(.14) 

3.7 

(.21) 

3.60 

(.19) 

3.87 

(.19) 

3.81 

(.15) 

Audiobook 
3.15 

(.14) 

3.28 

(.14) 

3.72 

(.21) 

3.75 

(.26) 

3.90 

(.14) 

3.84 

(.21) 

FFMQ: Mindfulness 3.30 2.27 3.58 3.45 3.70 3.71 
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Awareness 

 

(.15) (.13) (.21) (.23) (.15) (.16) 

Audiobook 
3.27 

(.13) 

3.26 

(.14) 

3.48 

(.23) 

3.57 

(.23) 

3.70 

(.17) 

3.67 

(.16) 

FFMQ: Non-

Judgemental 

 

Mindfulness 
3.54 

(.17) 

3.53 

(.13) 

3.68 

(.24) 

3.85 

(.21) 

4.08 

(.20) 

4.22 

(.21) 

Audiobook 
3.32 

(.16) 

3.69 

(.17) 

3.78 

(.18) 

3.93 

(.22) 

4.13 

(.21) 

3.90 

(.22) 

FFMQ: Non-

Reactivity 

 

Mindfulness 
3.19 

(.11) 

3.23 

(.13) 

3.32 

(.18) 

3.43 

(.23) 

3.27 

(.22) 

3.83 

(.17) 

Audiobook 
3.28 

(.12) 

3.28 

(.12) 

3.60 

(.17) 

3.42 

(.16) 

3.70 

(.16) 

3.29 

(.21) 

Table 2. Mindfulness Questionnaires. We report the mean baseline and post-mindfulness 1368 

intervention scores for the MAAS (total score of 6) and the FFMQ subcategories (total score of 1369 

5). 1370 
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