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The capacity for inhibitory control is an important cognitive process that undergoes dynamic changes over the course of the lifespan. Robust characterization of this trajectory, considering age continuously and using flexible modeling techniques, is critical to advance our understanding of the neural mechanisms that differ in healthy aging and neurological disease. The interleaved pro/anti-saccade task (IPAST), in which pro- and anti-saccade trials are randomly interleaved within a block, provides a simple and sensitive means of assessing the neural circuitry underlying inhibitory control. We utilized IPAST data collected from a large cross-sectional cohort of normative participants (n = 604, 5–93 years of age), standardized pre-processing protocols, generalized additive modeling, and change point analysis to investigate the effect of age on saccade behavior and identify significant periods of change throughout the lifespan. Maturation of IPAST measures occurred throughout adolescence, while subsequent decline began as early as the mid-20s and continued into old age. Considering pro-saccade correct responses and anti-saccade direction errors made at express (short) and regular (long) latencies was crucial in differentiating developmental and aging processes. We additionally characterized the effect of age on voluntary override time, a novel measure describing the time at which voluntary processes begin to overcome automated processes on anti-saccade trials. Drawing on converging animal neurophysiology, human neuroimaging, and computational modeling literature, we propose potential frontal-parietal and frontal-striatal mechanisms that may mediate the behavioral changes revealed in our analysis. We liken the models presented here to “cognitive growth curves” which have important implications for improved detection of neurological disease states that emerge during vulnerable windows of developing and aging.
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INTRODUCTION

Inhibitory control, or the ability to voluntarily suppress prepotent responses in favor of more appropriate and adaptive ones, is a critical executive function that enables goal-driven behavior in everyday life (Miyake and Friedman, 2012; Diamond, 2013). The capacity for inhibitory control can be measured with numerous behavioral paradigms and has been shown to change dynamically over the course of the lifespan; it is deficient in early childhood, improves dramatically throughout adolescence, remains relatively stable from young to mid adulthood, then declines gradually later in life (Munoz et al., 1998; Bedard et al., 2002; Klein et al., 2005; Sebastian et al., 2013a; Ferguson et al., 2021). This cognitive trajectory, which typically follows a curvilinear U-shape, is paralleled by changes in the structure and function of brain regions that mediate inhibitory control, namely, those involved in frontal-parietal and frontal-striatal circuits (Aron, 2011; Swick et al., 2011; Sebastian et al., 2013b). Importantly, abnormalities in these circuits occurring during vulnerable windows of brain maturation or decline can lead to the onset of neurological disorders of inhibitory control (i.e., attention-deficit hyperactivity disorder, Parkinson’s disease) at either end of the lifespan (Durston et al., 2011; Pagonabarraga and Kulisevsky, 2012). Improved identification and understanding of these vulnerable windows requires robust characterization of inhibitory control across normative development and aging. Here we describe the use of a simple and sensitive eye tracking paradigm of inhibitory control (the interleaved pro/anti-saccade task) to investigate changes in this important cognitive process from early childhood through to old age. We first introduce the basic parameters of this task, the behavior it produces, and the neural mechanisms underlying those behaviors. We then outline how existing work using this task to study development and aging can be expanded upon by considering age continuously across the lifespan and employing flexible modeling techniques.

As compared to traditional manual-response tasks, eye tracking paradigms provide a more direct means of assessing the neural circuitry underlying inhibitory control that are also easily understood by young children and older adults. In the anti-saccade (ANTI) task (Hallett, 1978), participants are required to suppress the reflexive response to look at a peripherally appearing visual stimulus and look in the opposite direction instead. This is in contrast to the pro-saccade (PRO) task, where conditions are nearly identical but participants are required to look at the stimulus as soon as it appears. As the location of the stimulus and the saccade goal are decoupled in the ANTI task, successful execution requires top-down inhibition of the reflexive response to look at the stimulus, followed by a transformation of the stimulus location into a voluntary motor command to look in the opposite direction (Munoz and Everling, 2004). These additional steps necessitate higher-order cognitive control and lead to longer saccadic reaction times (SRT; time between stimulus appearance and saccade onset) in ANTI as compared to PRO tasks (Munoz and Everling, 2004; Coe and Munoz, 2017). If top-down inhibition is insufficient in the ANTI task, a direction error (an erroneous PRO toward the stimulus) will be triggered.

Experimental manipulations of the PRO and ANTI tasks produce distinct changes in SRT and direction error rate. In the gap condition, removal of the central fixation point 200 ms before stimulus appearance elicits increased rates of “express saccades,” reflexive, short-latency saccades that approach the minimum sensory-motor conduction delays in the brain (Fischer and Boch, 1983; Fischer and Ramsperger, 1984; Paré and Munoz, 1996). Other manipulations, such as increasing the temporal and spatial predictability of stimulus appearance, have also been shown to increase the frequency of these short-latency saccades (Dorris and Munoz, 1998; Bibi and Edelman, 2009; Marino and Munoz, 2009). In the interleaved PRO/ANTI task (IPAST), PRO and ANTI trials are randomly interleaved within a block, with trial condition indicated by the color of the central fixation point. The IPAST requires continuous updating of the saccade goal from trial to trial, producing longer SRTs and increased direction error rates, relative to blocked tasks (Cherkasova et al., 2002; Reuter et al., 2006). The IPAST with gap is therefore highly effective at eliciting correct responses and direction errors made at both express and longer (often referred to as “regular”) latencies. The SRT distribution for PRO trials in this task consists of both express- and regular-latency correct responses, while the SRT distribution for ANTI trials in this task consists of express- and regular-latency direction errors, as well as regular-latency correct responses (Munoz and Everling, 2004; Coe and Munoz, 2017).

The neural circuitry underlying these saccade behaviors is well-characterized, and includes areas of the frontal and parietal cortices, basal ganglia (BG), thalamus, superior colliculus (SC), brainstem, and cerebellum (Hikosaka et al., 2000; Scudder et al., 2002; Sparks, 2002; Munoz and Everling, 2004; Schall, 2004; McDowell et al., 2008; Watanabe and Munoz, 2011). Briefly, the appearance of the peripheral stimulus induces a transient visual response that enters the brain via retino-geniculo-striate and retino-tectal pathways. This visual response propagates through several frontal-parietal and frontal-striatal circuit structures, including the frontal (FEF), supplementary (SEF) and parietal (PEF) eye fields, dorsolateral prefrontal cortex (DLPFC), and BG, before converging on the SC. From the SC, the signal to either initiate or suppress a saccade is projected directly to the brainstem reticular formation. We have previously proposed that on PRO trials, the transient visual response either drives an express-latency saccade via a direct sensory-motor transformation, or a regular-latency saccade via propagation of a well-learned, automated motor command (Munoz and Everling, 2004; Coe and Munoz, 2017). On ANTI trials, two different types of suppression are required to prevent the express- and regular-latency direction errors from being triggered. Prior to stimulus appearance, pre-emptive, global inhibition is required to suppress the direct sensory-motor transformation of the visual transient. If this first suppression fails, an express-latency error is triggered. After stimulus appearance, the voluntary, location-specific motor command to make an ANTI must override the automated motor command to make a PRO. If this second suppression fails, a regular-latency error is triggered (Coe and Munoz, 2017; Coe et al., 2019).

Existing work using PRO and ANTI tasks to study development and aging highlights the sensitivity of these tasks to changes in underlying frontal-parietal and frontal-striatal circuitry as a function of age. Children as young as 5 years old can perform these tasks, but have long and variable SRTs and high direction error rates (Munoz et al., 1998; Fukushima et al., 2000; Klein and Foerster, 2001; Kramer et al., 2005). Task performance improves throughout childhood and adolescence, with peak, adult-level behavior suggested to emerge from the ages of 12–15 (Fukushima et al., 2000; Klein and Foerster, 2001; Luna et al., 2004; Irving et al., 2006; Bucci and Seassau, 2012), and consistently short SRTs and low direction error rates being maintained from the ages of 18–25 (Munoz et al., 1998; Fukushima et al., 2000; Klein and Foerster, 2001; Luna et al., 2004; Velanova et al., 2008; Alahyane et al., 2014). Performance appears to decline more gradually from young to mid adulthood (Munoz et al., 1998; Irving et al., 2006), while in the seventh decade of life onward, increases in SRT and direction error rate become more pronounced (Munoz et al., 1998; Klein et al., 2000; Sweeney et al., 2001; Abel and Douglas, 2007; Fujiwara et al., 2010; Peltsch et al., 2011; Noiret et al., 2016; Fernandez-Ruiz et al., 2018).

The contribution of this literature notwithstanding, previous studies are limited in that they investigate developing and aging cohorts separately, compare individuals grouped into small, artificially delineated age bins, and utilize different task parameters (i.e., gap vs. no-gap, interleaved vs. blocked design) and pre-processing methods. Using age as a continuous predictor variable in regression models allows for a more precise characterization of age-related effects on saccade behavior. This has been done in a number of developing (Luna et al., 2004; Ordaz et al., 2010; Bucci and Seassau, 2012; Alahyane et al., 2014), aging (Mack et al., 2020; Coors et al., 2021), and lifespan (Klein et al., 2005) cohorts to-date. The conventional linear regression models used in many of these studies, however, may be insufficiently flexible to capture the complex, non-linear trajectories of age-related changes in the brain (Fjell et al., 2010). Semiparametric regression models, such as those that rely on smoothing splines, have been demonstrated to be more robust in this regard (Fjell et al., 2010, 2013; Nook et al., 2020; Sørensen et al., 2021), and have recently been used to identify the ages at which various behavioral and brain-based measures undergo significant periods of change (Simmonds et al., 2014; Wierenga et al., 2019; Calabro et al., 2020; Nook et al., 2020; Calancie et al., 2021).

The goal of the present study is to investigate the effect of age on IPAST behavior and identify significant periods of change throughout development and aging. We use IPAST data collected from a large cross-sectional cohort of normative individuals, standardized pre-processing protocols, generalized additive models, and change point analysis to robustly characterize changes in inhibitory control across the lifespan. We hypothesize that IPAST behavior will follow a curvilinear U-shaped trajectory of improvement, maturation, and decline, and that considering PRO and ANTI behaviors made at express- and regular-latencies, as well as voluntary override time–a novel measure describing the time at which voluntary processes overcome automated processes on ANTI trials–will further differentiate developmental and aging processes. We consider the identified behavioral changes in relation to converging animal neurophysiology, human neuroimaging, and computational modeling literature which provide insight into the neural mechanisms underlying inhibitory control across the lifespan.



MATERIALS AND METHODS


Participants

All experimental procedures were reviewed and approved by the Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. Healthy individuals between the ages of 5–93 were recruited from the greater Kingston area via newspaper and online advertisements. All participants reported no history of neurological or psychiatric illness and had normal or corrected-to-normal vision. A subset of participants aged 18 and older completed a Montreal Cognitive Assessment (MoCA), a brief screening tool shown to be sensitive in the detection of mild cognitive impairment (Nasreddine et al., 2005). Here, participants were excluded if they scored <20 on the MoCA. This cut-off score was determined based on the range of MoCA scores from the available subset of adult participants (aged 18–93) in our study cohort prior to outlier rejection (see Section “Pre-processing”). The use of a cut-off score lower than the recommended 26 (Nasreddine et al., 2005) is consistent with more recent studies suggesting that lower thresholds may decrease the false positive rate for mild cognitive impairment in large, diverse cohorts including older adults and individuals with lower education levels (Rossetti et al., 2011; Carson et al., 2018). Written informed consent was obtained from all individuals aged 18 and older. Written informed assent, in addition to a parent or guardian’s written informed consent, was obtained from all individuals under the age of 18. Study sessions took approximately 1 h each. Participants were compensated $20 CAD for their time.



Recording and Apparatus

During the eye tracking portion of the study, participants were seated in a dark room with their heads resting comfortably in a head rest. Participants were seated 60 cm away from a 17 inch 1280×1024 pixel resolution LCD computer monitor. An infrared video-based eye tracker (Eyelink 1000 Plus, SR Research Ltd., ON, Canada) was used to track monocular eye position at a sampling rate of 500 Hz. A 9-point array calibration and validation procedure was performed for each participant prior to beginning the task to map raw pupil position into gaze position. Eyelink 1000 measures validation accuracy as the average error in degrees between gaze and validation target positions. Here, participants had to have an average validation accuracy < 1.5° in order for their eye tracking data to be considered sufficiently accurate for further analysis.



Experimental Paradigm

The IPAST (Figure 1A) consisted of two blocks of 120 trials each, lasting approximately 20 min in total. Each trial began with the appearance of a colored fixation point (FP; 0.5° in diameter, 44 cd/m2) in the center of a black screen (0.1 cd/m2) for 1000 ms. The color of the FP indicated the trial condition (green = PRO, red = ANTI). Following a 200 ms gap during which the FP was removed (GAP), a gray stimulus (STIM; 0.5° in diameter, 62 cd/m2) appeared 10° to the left or right of the FP position and remained on screen for an additional 1000 ms. On PRO trials, participants were instructed to look at the STIM as soon as it appeared. On ANTI trials, participants were instructed to look away from the STIM (i.e., to its diametrically opposite position) as soon as it appeared. An inter-trial interval (ITI) consisting of a black screen (0.1 cd/m2) was presented for 1000 ms before the start of each new trial. Drift checks occurred every 40 trials to confirm the accuracy of eye tracking or to allow for re-calibration, if necessary. Trial condition (PRO/ANTI) and STIM location (left/right) were pseudo-randomly interleaved with equal frequency throughout each block. Verbal task instructions and 10–20 practice trials were provided to each participant prior to beginning the task in order to ensure comprehension.
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FIGURE 1. (A) Visual representation of the Interleaved PRO/ANTI-Saccade Task (IPAST). Each trial began with the appearance of a fixation point (FP) in the center of a black screen for 1000 ms. The color of the FP indicated the trial condition (green = PRO, red = ANTI). Following a 200 ms gap (GAP) during which the FP was removed, a gray stimulus (STIM) appeared 10° to the left or right of the FP position and remained on screen for an additional 1000 ms. On PRO trials, participants were instructed to look at the STIM as soon as it appeared. On ANTI trials, participants were instructed to look away from the STIM as soon as it appeared. Direction errors were saccades made toward the STIM on ANTI trials. An inter-trial interval (ITI) was presented for 1000 ms before the start of each new trial. Note that for illustration purposes, the colors of the FP, screen, and STIM shown in panel (A) differ slightly from how the task would appear to participants in the lab. (B) Cumulative SRT distributions for PRO and ANTI trials. On PRO and ANTI trials, saccades were classified based on when they occurred and their start and end positions. Saccades made toward the two potential STIM locations occurring between –110 and 89 ms relative to STIM appearance were considered “anticipatory” and excluded from further analysis. Saccades made toward the two potential STIM locations occurring between 90 and 800 ms relative to STIM appearance were considered “viable” and further delineated based on their latencies. PRO viable correct responses and ANTI viable direction errors were divided into express (90–139 ms) and regular (140–800 ms) latencies. Thick lines are averaged distributions for the entire study cohort. Thin lines are individual participants. Vertical gray windows indicate the express-latency epoch.




Data Analysis


Pre-processing

The standardized pipeline used to convert, clean, and pre-process the IPAST data collected for each participant has been described in detail elsewhere (Coe et al., 2022). Briefly, custom automated scripts written in MATLAB (The MathWorks Inc., Natick, MA, United States) were used to detect saccades on a trial-by-trial basis based on criteria for eye movement speed and duration. A dynamic speed threshold was defined for each trial as the mean plus 2.5 times the standard deviation of the background noise during fixation, with a minimum possible value of 20°/s. Eye movement speed had to remain above this threshold for 10 ms in order for saccade detection to occur. Detected saccades were then classified based on when they occurred, relative to STIM appearance, and their start and end positions (Figure 1B and Supplementary Figure 1B). Saccades made toward the two potential STIM locations occurring between −110 and 89 ms relative to STIM appearance (i.e., after FP offset but prior to visual processing of the STIM) were equally likely to be correct responses or direction errors, indicative of guessing behavior (Munoz et al., 1998). These saccades were considered “anticipatory” and excluded from further analysis. Saccades made toward the two potential STIM locations occurring between 90 and 800 ms relative to STIM appearance (i.e., after FP offset and visual processing of the STIM) were considered “viable” and further delineated based on their latencies (see Section “Measures of Interest”).

Following basic pre-processing, participant outlier rejection was performed using a three-step procedure. The first two of these steps are based on criteria for each participant’s trial counts. The IPAST consisted of 120 PRO and 120 ANTI trials. Behavioral counts for PRO and ANTI trials were defined as all trials for which eye tracking was not lost. Eye tracking loss was most commonly due to poor calibration/validation, excessive head movement, or excessive eye blinks. Behavioral counts were then divided into non-compliance counts, defined as all trials in which the participant never fixated the FP, made a random saccade, or made no saccade at all (i.e., were non-compliant to the task instructions), and viable counts, defined as all trials in which the participant made a correct response or direction error during the viable window (i.e., 90–800 ms). Behavioral counts therefore reflect all trials in which any measurable behavior was performed, while viable counts reflect all trials in which a task-relevant behavior was performed. In the first step of the outlier rejection procedure, participants were removed if they had a PRO or ANTI viable trial count < 30. This criterion was used to exclude participants who had insufficient data (either due to poor eye tracking, or inability or unwillingness to participate) to adequately characterize task performance. Second, participants were removed if they had a PRO or ANTI eye loss or non-compliance trial count > 20% of the total expected trial count. This criterion was used to exclude participants with task behavior atypical from that of a normative population (e.g., an individual with > 24 PRO or ANTI trials in which eye tracking was not lost, but no task-relevant behavior was performed). Third, participants were removed if they completed a MoCA (subset of individuals aged 18–93) and scored < 20, as previously described.



Measures of Interest

A number of IPAST measures were investigated in order to assess changes in inhibitory control across the lifespan. The cumulative (Figure 1B) and instantaneous (Supplementary Figure 1B) SRT distributions for PRO and ANTI trials illustrate the timing and frequency of some of these measures. PRO and ANTI viable correct SRT were calculated for each participant as the mean time between STIM appearance and the onset of a correct saccade occurring within the viable window. The delineation of this viable window into express- and regular-latency epochs has been described previously (Fischer and Boch, 1983; Fischer and Ramsperger, 1984). Although the timing of the express-latency epoch can be influenced by various task parameters (Dorris and Munoz, 1998; Bibi and Edelman, 2009; Marino and Munoz, 2009), and is therefore somewhat arbitrary, healthy human participants typically make reflexive, short-latency saccades within the range of 90–140 ms (Munoz et al., 1998, 2003). On PRO trials, viable correct responses were therefore further delineated into express-latencies, occurring between 90 and 139 ms, and regular-latencies, occurring between 140 and 800 ms. On ANTI trials, viable direction errors were similarly divided into express- (90–139 ms) and regular- (140–800 ms) latencies. Ratios of PRO express-latency correct responses, PRO regular-latency correct responses, ANTI express-latency direction errors, and ANTI regular-latency direction errors were calculated for each participant using their viable trial counts as denominators.

As described in Coe et al. (2019), by subtracting the cumulative SRT distribution of ANTI direction errors from that of ANTI correct responses (Figure 1B, brown and red curves), we can estimate the time at which voluntary processes begin to overcome automatic processes on ANTI trials, or the voluntary override time (VOT). A 7-point box shaped kernel was used to smooth this distribution. VOT for each participant was determined as the minimum point along this smoothed distribution occurring within the window of 90–400 ms relative to STIM appearance (Supplementary Figure 2). Our seven IPAST measures of interest therefore consisted of: (1) PRO viable correct SRT, (2) ANTI viable correct SRT, (3) PRO express-latency correct response ratio, (4) PRO regular-latency correct response ratio, (5) ANTI express-latency direction error ratio, (6) ANTI regular-latency direction error ratio, and (7) VOT.



Generalized Additive Models and Change Point Analysis

In order to assess the effect of age on the IPAST measures described above, generalized additive models (GAMs; Hastie and Tibshirani, 1986) were performed using the mgcv package in R (Wood, 2017). GAMs are generalized linear models in which the linear predictor consists of a weighted sum of K basis functions, which are typically cubic or thin-plate regression splines (Wood, 2003, 2017). GAMs hold a number of advantages over more conventional regression models that make them ideal for investigating the complex trajectories of age-related changes in the brain (Sørensen et al., 2021). As GAMs are semiparametric, they enable flexible, data-driven estimation of non-linear trends across time series data that are less susceptible to variations in the range and sampling of data points (Fjell et al., 2010; Simpson, 2018). To prevent overfitting, GAMs are regularized by a smoothing parameter, λ, which can be selected using a variety of automated methods (Wood, 2017; Simpson, 2018). These features are particularly important for the characterization of lifespan cohorts in which the shape of developmental and aging trajectories may not be known a priori. When compared to linear, quadratic, and cubic regression models, semiparametric regression models such as GAMs have been shown to provide a superior fit to various behavioral and brain-based measures sampled across the lifespan (Fjell et al., 2010, 2013; Nook et al., 2020; Sørensen et al., 2021).

Here, GAMs defined by a smoothed fixed effect of age were performed for each of the seven IPAST measures of interest. In order to meet the assumption of normality for use of a Gaussian conditional distribution, IPAST ratio variables (which were naturally zero or one inflated) were first transformed with a logit transformation (Warton and Hui, 2011) before being entered into GAMs. Restricted marginal likelihood maximization (REML) was used to estimate the smoothing parameter, λ, for each GAM, as it has been suggested to be the optimal approach (Wood, 2011). As described by Wood (2017), and expanded upon by Simpson (2018), statistically significant periods of change can be determined from GAMs through estimation of the first derivative and simultaneous confidence intervals of the fitted trend using posterior simulation. In this manner, significant periods of change are identified at the time points where the simultaneous confidence intervals of the first derivative do not contain zero (p < 0.05). This approach has been adopted in a number of recent studies to identify the ages at which behavioral and brain-based measures undergo significant periods of change (Simmonds et al., 2014; Wierenga et al., 2019; Calabro et al., 2020; Nook et al., 2020; Calancie et al., 2021). Here, we follow recent work from Calabro et al. (2021) in which posterior simulation was used to generate 10,000 GAM fits and their derivatives at 0.1-year age intervals. 95% confidence intervals were then generated from these simulated derivatives. These analyses were conducted using the LNCDR package in R (Tervo-Clemmens and Foran, 2022). We sought to determine if, and when, significant periods of age-related change occur throughout the lifespan for each of our seven IPAST measures of interest. Finally, Spearman’s correlations were conducted to investigate the pairwise relationships between each of our measures of interest, given their non-normal distributions. Standardized residuals derived from each measure’s GAMs were used to control for age.





RESULTS


Study Cohort

631 individuals (409 F, 222 M, 5–93 years of age) were recruited to participate in this study from 2015 to 2022. Of the 430 individuals aged 18 and older, 346 (80%) completed a MoCA. We note that our original study cohort is skewed toward young (i.e., >25 years old) female participants due to extensive participant recruitment from local university and college student bodies, as well as our lab’s efforts to match control participants to various neuropsychiatric patient cohorts within this demographic. From this original study cohort, 26 participants were excluded as a result of our three-step outlier rejection procedure. Nine participants were excluded on the basis of a PRO or ANTI viable trial count < 30, 14 participants were excluded on the basis of a PRO or ANTI eye loss or non-compliance trial count > 20%, and three participants were excluded on the basis of a MoCA score < 20. One additional participant was excluded on the basis of not making a single ANTI viable correct response. The final study cohort therefore consisted of 604 participants (393 F, 211 M, 5–93 years of age). Of the 419 individuals aged 18 and older, MoCA scores were available for 335 (80%). The majority of individuals for which MoCAs were not available were between the ages of 18–25, a demographic for which scores in large population cohorts have been found to be well above the cut-off used here (Rossetti et al., 2011). Age and MoCA score distributions for male and female participants included in the final study cohort are shown in Figures 2A,B, respectively. Additional demographic information (i.e., education level, average MoCA score, where applicable) for all included and excluded participants is provided in Supplementary Table 1.
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FIGURE 2. (A) Age distribution for male and female participants included in the final study cohort. Age bins vary in size from 3 to 5 years, with smaller bins used before the age of 20 and larger bins used afterward. Opaque bars indicate participants aged 18 and older for which MoCA scores were available. (B) MoCA score distribution for male and female participants depicted by the opaque bars in panel (A).




Effect of Age on Interleaved Pro/Anti-saccade Task Behavior

Table 1 displays the GAM fit parameters (ref df, F, p, R2, deviance explained) for each of the seven IPAST measures of interest (see Section “Materials and Methods”). All measures exhibited significant (p < 0.05) age-related changes. The amount of deviance of the IPAST measures explained by age ranged from 7.18 to 31.2%. In order to investigate if GAM fits differed as a function of participant sex, a second GAM (Model 2) was defined by a smoothed fixed effect of age split by sex and also performed for each measure of interest. Bayesian information criterion (BIC) was used to compare the goodness-of-fit of Model 2 with the originally specified GAM (Model 1; smoothed fixed effect of age only), with lower values indicating a superior fit. Supplementary Table 2 displays the fit parameters for both models. For Model 2, each smooth fit of age remained significant when split by participant sex, and a similar amount of deviance of the measures was explained by age (7.31–31.5%). However, BIC values were lower (indicating a superior fit) for Model 1 for all measures investigated. We therefore describe the characteristics of these GAMs for the remainder of our results.


TABLE 1. GAM fit parameters.
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Significant Periods of Change Throughout Development and Aging

Significant periods of change for the fitted GAMs were identified at the ages where the confidence intervals of the first derivative did not contain zero (p < 0.05). At least one significant period of change was identified for each measure. With the exception of PRO express- and regular-latency correct response ratios, which exhibited significant change across the entire lifespan, all periods of change beginning before the age of 23 captured improvements in task performance (i.e., decreases in SRT/VOT or direction errors), while all periods of change beginning after the age of 23 captured declines in task performance (i.e., increases in SRT/VOT or direction errors). We therefore refer to periods of change as being either “developmental-related” or “aging-related,” depending on whether the period began before or after the age of 23.


Pro-saccade and Anti-saccade Viable Correct Saccadic Reaction Time

GAM fits and significant periods of change for PRO and ANTI viable correct SRT are shown in Figure 3. Previous studies that have used age as a continuous predictor in regression models of PRO and ANTI behavior have suggested that developmental trajectories are best characterized by an inverse curve fit, while aging trajectories are best characterized by a linear fit (Luna et al., 2004; Klein et al., 2005; Ordaz et al., 2010, 2013; Alahyane et al., 2014; Mack et al., 2020). The GAM fits presented here broadly support these claims, capturing a U-shaped trajectory of dramatic improvement (i.e., decreases in SRT) in childhood and adolescence, followed by a more gradual decline (i.e., increases in SRT) beginning in the third decade of life, which was steeper for ANTI SRT compared to PRO. Notably, however, the use of GAMs rather than more conventional approaches allowed us to capture these complex age-related processes within continuous, flexible models. Regarding change point analysis, both PRO and ANTI viable correct SRT exhibited significant developmental-related periods of improvement (i.e., decreases in SRT) beginning at the age of 5.8. For PRO SRT, this improvement continued until the age of 17.6, while for ANTI SRT, this improvement continued until the age of 18.7. Following these improvements, both measures exhibited multiple aging-related periods of decline (i.e., increases in SRT). For PRO SRT, these occurred from the ages of 23.4–33.1 and 52.2–58.8, and for ANTI SRT, these occurred from the ages of 25.2–29.5, 50.4–57.5, and 74.3–86.5.
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FIGURE 3. GAM fits and significant periods of change for PRO (A) and ANTI (B) viable correct SRT. Scatter points are individual participants, black curves are the GAM fits, and gray ribbons are the 95% confidence intervals. Bottom tiles indicate significant periods of developmental-related (orange) and aging-related (blue) change.




Pro-saccade Express- and Regular-Latency Correct Responses

GAM fits and significant periods of change for PRO express- and regular-latency correct response ratios are shown in Figure 4. These two measures exhibited opposing linear trends that were significant across the entire lifespan; PRO express-latency correct responses decreased continuously from the ages of 5–93, whereas PRO regular-latency correct responses increased continuously from the ages of 5–93.
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FIGURE 4. GAM fits and significant periods of change for logit transformed PRO express-latency (A) and regular-latency (B) correct response ratios. Scatter points are individual participants, black curves are the GAM fits, and gray ribbons are the 95% confidence intervals. Bottom tiles indicate significant periods of change. Note that these are continuous across the entire lifespan.




Anti-saccade Express- and Regular-Latency Direction Errors

In contrast to PRO express- and regular-latency correct response ratios, GAM fits for ANTI express- and regular-latency direction error ratios were distinctively non-linear (Figure 5). While both measures exhibited significant developmental-related periods of improvement (i.e., decreases in error ratios), occurring from the ages of 5.8–26.4 for ANTI express-latency direction errors and 5.8–22.0 for ANTI regular-latency direction errors, only the ANTI regular-latency direction errors exhibited subsequent aging-related periods of decline (i.e., increases in error ratio) from the ages of 63.7–70.2 and 76.7–89.7.
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FIGURE 5. GAM fits and significant periods of change for logit transformed ANTI express-latency (A) and regular-latency (B) direction error ratios. Scatter points are individual participants, black curves are the GAM fits, and gray ribbons are the 95% confidence intervals. Bottom tiles indicate significant periods of developmental-related (orange) and aging-related (blue) change.




Voluntary Override Time

The GAM fit for VOT was also distinctively non-linear (Figure 6A), and, as to be expected, resembled the fitted trends for ANTI viable correct SRT and ANTI regular-latency direction error ratio. VOT exhibited a significant developmental-related period of improvement (i.e., decreases in VOT) from the ages of 5.8–19.0, followed by two significant aging-related periods of decline (i.e., increases in VOT), the first from the ages of 40.9–52.2 and the second from the ages of 76.1–85.6. Relative to the other IPAST measures investigated, age explained the highest proportion of deviance for VOT, at 31.2% (Table 1).
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FIGURE 6. (A) GAM fit and significant periods of change for voluntary override time (VOT). Scatter points are individual participants, black curve is the GAM fit, and gray ribbon is the 95% confidence interval. Bottom tile indicates significant periods of developmental-related (orange) and aging-related (blue) change. (B) First derivative of the GAM fit shown in panel (A). Negative values indicate improvements in task performance (i.e., decreases in VOT) and positive values indicate declines in task performance (i.e., increases in VOT). Significant periods of developmental-related (orange) and aging-related (blue) change were identified at the ages where the confidence intervals of the first derivative of the GAM did not contain zero (p < 0.05). (C) A hypothetical “cognitive growth curve” for VOT consisting of the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentile curves for the measure.


Additional information regarding the rate of change and percentiles for VOT are illustrated in Figures 6B,C, respectively, and also described below. We elaborate upon this measure given that it summarizes both ANTI correct responses and ANTI direction errors for a given individual, and was explained in large part by age in the current study cohort. Figure 6B shows the first derivative of the GAM fit for this measure. Negative values in this plot indicate improvements in task performance (i.e., decreases in VOT), while positive values indicate declines in task performance (i.e., increases in VOT). Although the first derivative of the GAM fit is non-linear across the lifespan, the rate of change can be approximated at -7 ms/year for the initial developmental-related period of improvement, 1 ms/year for the first aging-related period of decline, and 2 ms/year for the second aging-related period of decline. These estimates highlight the sensitivity of VOT to the dynamic improvement, maturation, and decline of inhibitory control across the lifespan. Figure 6C provides the 5th–95th percentile curves for VOT across the lifespan. We propose potential applications for such a “cognitive growth curve” in the Section “Discussion.”




Relationships Between Interleaved Pro/Anti-saccade Task Measures

Standardized residuals derived from each of the GAMs described above were input into Spearman’s correlations to investigate the pairwise relationships between measures after controlling for age (Figure 7). PRO and ANTI viable correct SRT were positively correlated with one another. PRO and ANTI SRT were also both positively correlated with PRO regular-latency correct response ratio and ANTI regular-latency direction error ratio, and negatively correlated with PRO express-latency correct response ratio and ANTI express-latency direction error ratio. PRO express-latency correct response ratio was negatively correlated with PRO regular-latency correct response ratio, and positively correlated with ANTI express-latency direction error ratio. Finally, VOT was positively correlated with both ANTI viable correct SRT and ANTI regular-latency direction error ratio, as expected. All reported correlations were statistically significant (p < 0.05).
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FIGURE 7. Spearman’s correlation matrix for the seven IPAST measures of interest, after controlling for age. R values are shown for the pairwise relationships between each measure, with warm colors indicating positive correlations and cool colors indicating negative correlations. Only significant correlations (p < 0.05) are shown.





DISCUSSION

This is the first study to use IPAST data collected from a large cross-sectional cohort of normative individuals, standardized pre-processing protocols, and flexible modeling techniques to robustly characterize changes in inhibitory control across the lifespan. As hypothesized, GAM fits for the majority of the measures investigated followed a curvilinear U-shaped trajectory that has previously been reported in studies assessing cognitive performance (Cepeda et al., 2001; Bedard et al., 2002; Ferguson et al., 2021), and its relationship to underlying brain structure and function (Danielsen et al., 2020; Kupis et al., 2021) across the lifespan. Change point analysis provided further insight into significant periods of change occurring along these trajectories. While PRO express- and regular-latency correct responses exhibited continuous linear change across the entire lifespan, PRO and ANTI viable correct SRT, ANTI express- and regular-latency direction errors, and VOT all matured throughout adolescence. Subsequent decline began in the mid-20s for PRO and ANTI SRT, in the 40s for VOT, and in the 60s for ANTI regular-latency direction errors. We discuss these dynamic behavioral changes in relation to converging animal, human, and computational literature which provides insight into underlying neural mechanisms.


Pro-saccade and Anti-saccade Viable Correct Saccadic Reaction Time

GAM fits of PRO and ANTI viable correct SRT demonstrated that PRO SRT decreased from the ages of 5–17 and increased from the ages of 23–33 and 52–58, while ANTI SRT decreased from the ages of 5–18 and increased from the ages of 25–29, 50–57, and 74–86 (Figure 3). The initial dramatic decrease in PRO and ANTI SRT captured here is consistent with past group- and regression-based studies, reporting that saccade latencies decrease significantly from the ages of 5–25 (Munoz et al., 1998; Fukushima et al., 2000; Klein and Foerster, 2001; Luna et al., 2004; Kramer et al., 2005; Velanova et al., 2008; Ordaz et al., 2010; Bucci and Seassau, 2012; Alahyane et al., 2014). It has previously been proposed that PRO and ANTI SRT reach adult-levels by the ages of 12–14 (Fukushima et al., 2000; Klein and Foerster, 2001; Irving et al., 2006; Bucci and Seassau, 2012). Using a large cohort of 8–30 year olds, blocked PRO/ANTI paradigm, and change point analysis based on fitted piecewise linear models, Luna et al. (2004) identified 15 as the age at which saccade latencies reached adult-levels. Our findings of saccade latencies maturing later in adolescence (i.e., 17 and 18) likely reflects our use of: (1) a larger study cohort spanning the entire lifespan, (2) a more cognitively demanding eye tracking paradigm (i.e., interleaved vs. blocked design), and (3) more flexible analytical approaches, relative to past work.

Our findings of gradual increases in PRO and ANTI SRT during aging is consistent with numerous group-based studies describing significant differences in SRT between adults in the third and fourth decades of life relative to those in the seventh, eighth, and ninth (Munoz et al., 1998; Klein et al., 2000; Sweeney et al., 2001; Abel and Douglas, 2007; Fujiwara et al., 2010; Bonnet et al., 2013; Noiret et al., 2016). Two recent, well-powered regression-based studies further determined that PRO and ANTI SRT increased significantly from the ages of 30–95 (Coors et al., 2021) and 51–84 (Mack et al., 2020). Our change point analysis revealed that PRO and ANTI SRT begin to increase as early as the ages of 23 and 25, respectively. While there is a paucity of studies examining PRO and ANTI behavior in adults from the third through fifth decades of life, studies investigating the effect of age on other behavioral paradigms of inhibitory control and processing speed have similarly suggested that decline may begin as early as the 20–30s (Salthouse, 2009; Ferguson et al., 2021).

As previously introduced, a considerable advantage to using the IPAST to investigate inhibitory control across the lifespan is that behaviors can be linked to well-characterized frontal-parietal and frontal-striatal mechanisms. Monkey neurophysiology, human lesion, and human neuroimaging work have jointly indicated that the frontal, supplementary, and parietal eye fields (FEF, SEF, PEF) are critical in the planning, sensorimotor mapping, and execution of saccades (Connolly et al., 2002; Pierrot-Deseilligny et al., 2002; Amador et al., 2004; Munoz and Everling, 2004). Notably, preparatory FEF activity prior to STIM appearance on PRO and ANTI trials predicts subsequent saccade latencies in both monkeys (Everling and Munoz, 2000) and humans (Connolly et al., 2005; Alahyane et al., 2014; Fernandez-Ruiz et al., 2018). Previous studies employing event-related fMRI during IPAST performance have shown that children have significantly lower preparatory FEF, SEF, and PEF activity relative to adolescents and adults (Alahyane et al., 2014), while older adults have significantly lower SEF activity relative to younger adults (Fernandez-Ruiz et al., 2018). Our findings of PRO and ANTI SRT maturation at the ages of 17 and 18, as well as their subsequent decline beginning in the mid-20s may therefore be attributed to changes in the structural and functional integrity of the FEF, SEF, and PEF.



Pro-saccade and Anti-saccade Express- and Regular-Latency Behavior

PRO express- and regular-latency correct responses exhibited opposing linear trends that were significant across the entire lifespan (Figure 4). Using a blocked PRO/ANTI paradigm, we have previously reported higher express-latency saccades in individuals younger than 40 (Munoz et al., 1998), and others have found express-latency saccade rates to be significantly higher in 6–7 and 10–11 year olds relative to 18–26 year olds (Klein and Foerster, 2001), and in 20–35 year olds relative to 59–73 and 74–88 year olds (Klein et al., 2000). Most comparable to the present results, Klein et al. (2005) also found a weak negative linear relationship between age and express-latency saccade rate in a cohort of individuals aged 9–88.

PRO express- and regular-latency correct responses are both triggered by the STIM visual transient. Express-latency responses result from a direct sensory-motor transformation of the transient (Edelman and Keller, 1996; Dorris et al., 1997; Sparks et al., 2000) that occurs in the SC (Schiller et al., 1987), while regular-latency responses result from the propagation of a well-learned, automated motor command that may involve cortical areas such as the PEF (Munoz and Everling, 2004; Coe and Munoz, 2017). Our findings suggest that with age, cortically mediated automated processes may increasingly dominate subcortically mediated reflexive processes, resulting in a continuous decrease in the proportion of express- to regular-latency responses.

ANTI express- and regular-latency direction errors exhibited distinctly non-linear trends across the lifespan; both error types decreased until the mid-20s, but only regular-latency errors subsequently increased beginning at the age of 63 (Figure 5). It is well-established that children make more direction errors than adolescents, who make more direction errors than young adults (Fukushima et al., 2000; Klein and Foerster, 2001; Luna et al., 2004; Kramer et al., 2005; Velanova et al., 2008; Ordaz et al., 2010; Bucci and Seassau, 2012; Alahyane et al., 2014), and that older adults make more direction errors than younger adults (Klein et al., 2000; Sweeney et al., 2001; Abel and Douglas, 2007; Fujiwara et al., 2010; Peltsch et al., 2011; Bonnet et al., 2013; Noiret et al., 2016; Fernandez-Ruiz et al., 2018; Mack et al., 2020; Coors et al., 2021). The latency of these direction errors, however, is rarely characterized. In one of the few studies to do so, Klein and Foerster (2001) found that the difference in the proportion of express- to regular-latency direction errors was significantly greater in 6–7 year olds relative to 10–11 and 18–26 year olds. While not explicitly examining express- and regular-latencies, other studies have described longer direction error latencies in older relative to younger adults (Bowling et al., 2012; Noiret et al., 2016).

On ANTI trials, pre-emptive, global inhibition provided by regions such as the DLPFC, FEF, SEF, BG, and SC is required prior to STIM appearance to suppress the express-latency direction error (Coe and Munoz, 2017; Coe et al., 2019). Subsequently, coordinated activity between these regions is required to drive the voluntary, location-specific motor command for an ANTI to overcome the regular-latency direction error. Support for these claims stems from monkey (Everling et al., 1999; Everling and Munoz, 2000; Amador et al., 2004; Johnston and Everling, 2006; Johnston et al., 2007; Watanabe and Munoz, 2010) and human (Connolly et al., 2002; Curtis and D’Esposito, 2003; DeSouza et al., 2003; Ford et al., 2005; Brown et al., 2007) work demonstrating differential preparatory activity in these regions on ANTI vs. PRO trials. Preparatory activity in the DLPFC and anterior cingulate cortex (ACC) has been specifically associated with the monitoring and suppression of direction errors on ANTI trials (Pierrot-Deseilligny et al., 2002, 2003; Ford et al., 2005; Johnston and Everling, 2006; Johnston et al., 2007).

Neuroimaging studies of PRO and ANTI behavior in development suggest that functional activity and effective connectivity of frontal-parietal and frontal-striatal regions become more widely distributed from childhood through to adulthood, supporting a reduction in direction error rates (Luna et al., 2001; Velanova et al., 2008; Hwang et al., 2010; Ordaz et al., 2013; Alahyane et al., 2014). Although neuroimaging studies of PRO and ANTI behavior in aging cohorts have reported mixed findings to-date (Raemaekers et al., 2006; Nelles et al., 2009; Alichniewicz et al., 2013), Fernandez-Ruiz et al. (2018) recently found that older adults had significantly lower preparatory SEF and ACC activity relative to younger adults, potentially contributing to a reduced ability to monitor task performance and drive the voluntary motor command for a correct ANTI. Considering the present work, the ability to suppress both express- and regular-latency direction errors by the mid-20s may be mediated by mature activation and integration of frontal-parietal and frontal-striatal regions, including the DLPFC, FEF, SEF, BG, and SC. By the 60s, however, the ability of these regions to drive the voluntary motor command for a correct ANTI may begin to deteriorate, resulting in an increase in regular-latency direction errors.



Voluntary Override Time

We characterized the time at which voluntary processes begin to overcome automatic processes on ANTI trials, or the VOT (Coe et al., 2019), for the first time across the lifespan. VOT decreased dramatically from the ages of 5–19, remained relatively stable through the third and fourth decades of life, then exhibited gradual increases from the ages of 40–52 and 76–85 (Figure 6A). Recent work from our group describes a generative model of saccadic action selection, inspired by known signal components of neural activity, capable of producing PRO and ANTI behaviors similar to those observed here (Coe et al., 2019). Post-hoc investigations into the VOT generated by this model revealed that simulating a type of inhibitory “crosstalk” between voluntary (based on activity in the FEF, SEF, and SC) and automated (based on activity in the PEF) signals, such that voluntary signals could override automated signals, produced behavior that better approximated human data relative to prior simulations (Coe et al., 2019). The present findings indicate that the ability of voluntary signals to override automated signals matures at the age of 19 (i.e., after maturation of saccade latency but before maturation of direction error suppression), and begins to decline at the age of 40 (i.e., after decline of saccade latency but before decline of direction error suppression). Taken together, the animal, human, and computational literature described here provide insight into potential frontal-parietal and frontal-striatal mechanisms underlying the behavioral changes revealed in our analysis. We suggest that structural and functional maturation of these circuits mediates decreased saccade latencies and direction error rates throughout adolescence, while their subsequent decline mediates increased saccade latencies in the mid-20s and increased regular-latency errors in the 60s. Increasing input from cortical, relative to subcortical regions of the brain mediates a continuous decrease in the proportion of PRO express- to regular-latency correct responses across age.



Limitations and Future Directions

The generalizability of our study cohort is somewhat limited by the overrepresentation of young female participants. Recent work has highlighted the importance of having sufficient numbers of middle-aged adults in lifespan cohorts in order to more comprehensively characterize cognitive changes that occur with age (Ferguson et al., 2021). As there is a paucity of studies investigating PRO and ANTI behavior in adults from the third through fifth decades of life, our findings of PRO and ANTI SRT beginning to decline as early as the mid-20s requires replication. The uneven distribution of female and male participants in our study cohort prevented us from conducting an in-depth analysis of sex differences in IPAST behavior. However, BIC values indicated that GAMs specified with a smoothed fixed effect of age provided a superior fit for all measures relative to GAMs specified with a smoothed fixed effect of age split by sex. Previous studies examining sex differences in PRO and ANTI tasks have been mixed; some failing to identify any differences (Sweeney et al., 2001; Fujiwara et al., 2010; Bonnet et al., 2013), others reporting shorter latencies in adolescent females relative to males (Luna et al., 2004), and others reporting longer latencies in adult females relative to males (Bargary et al., 2017; Mack et al., 2020). Although sex differences in PRO and ANTI behavior remains to be clarified, it is clear that any sex effects that do exist are substantially weaker relative to those of age (Ordaz et al., 2018; Coors et al., 2021).

A second limitation of the present work is the reliance on a cross-sectional study design rather than a longitudinal one, as the latter is more sensitive to age-related changes and inter-individual variability (Casey et al., 2005; Goh et al., 2012; Sørensen et al., 2021). Indeed, the GAM and change point analyses described here are highly amenable to longitudinal study designs (Simmonds et al., 2014; Wierenga et al., 2019; Calabro et al., 2020; Danielsen et al., 2020). Regarding inter-individual variability, there are likely many biological, environmental, and psychosocial factors contributing to variability in IPAST behavior that have yet to be fully characterized (Bargary et al., 2017). As the frequency and timing of express-latency saccades can be influenced by various task parameters (Dorris and Munoz, 1998; Bibi and Edelman, 2009; Marino and Munoz, 2009), it is likely that these behaviors also vary on an individual participant basis. Investigation into the factors mediating inter-individual variability of the frequency and timing of express-latency saccades is therefore a promising direction of future work.

The GAM fits and significant periods of change presented here have significant implications for improving our understanding of the vulnerable windows of brain maturation and decline in which the risk for developing neurological disorders may be elevated. Attention-deficit hyperactivity disorder and Parkinson’s disease are two neurological disorders with onset at either ends of the lifespan that can be differentiated from healthy age-matched controls based on ANTI SRT and ANTI express- and regular-latency direction errors (Cameron et al., 2012; Hakvoort Schwerdtfeger et al., 2013; Coe and Munoz, 2017). As VOT indexes both of these ANTI behaviors and is explained in large part (31%) by age, this measure presents as an ideal “cognitive growth curve” for differentiating normative aging and neurological disease across the lifespan (Figure 6C). We propose that this curve could be used to identify individuals in early childhood and late adulthood who may be at an elevated risk for developing these disorders, by virtue of their VOT values falling outside of a specified percentile for normative aging.




CONCLUSION

The characterization of inhibitory control across the lifespan is critical if we hope to improve our understanding of the vulnerable windows of brain maturation and decline in which the risk for developing neurological disorders is elevated. The GAM fits presented here expand upon previous eye tracking literature by capturing complex age-related processes within continuous, flexible models that also enabled us to identify the ages at which significant change occurred. Drawing on converging animal, human, and computational literature, we propose potential frontal-parietal and frontal-striatal mechanisms that may mediate the behavioral changes revealed in our analysis. Future work which focuses on longitudinal assessment and investigation into the inter-individual factors contributing to inhibitory control will be paramount in furthering our understanding of the neural mechanisms that differ in healthy aging and neurological disease.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Queen’s University Health Sciences and Affiliated Teaching Hospitals Research Ethics Board. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



AUTHOR CONTRIBUTIONS

DM, BC, DB, and MS conceived the study. RY, MS, HR, OC, RK, and JP contributed to data collection. RY and HR organized and verified the dataset. BC and DB wrote code that was implemented in various stages of data archiving, pre-processing, and analysis. DB wrote the IPAST experimental code and set up the hardware for data collection. BC created the standardized pipeline used for all IPAST pre-processing and analysis. RY conducted the generalized additive modeling and change point analysis. RY and DM wrote the manuscript. JH, BC, DB, and DM provided support and feedback throughout the data analysis and manuscript preparation process. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by a Canadian Institutes of Health Research grant (MOP-FDN-148418) to DM. DM was supported by the Canada Research Chair Program. RK was supported by a Canadian Institute of Health Research Vanier Canada Graduate Scholarship.



ACKNOWLEDGMENTS

We thank A. Lablans and M. Lewis for their outstanding technical assistance, as well as OC for her help with the generalized additive modeling and change point analysis.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2022.842549/full#supplementary-material


ABBREVIATIONS

ACC, anterior cingulate cortex; ANTI, anti-saccade; BG, basal ganglia; BIC, Bayesian information criterion; DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye fields; FP, fixation point; GAM, generalized additive model; IPAST, interleaved pro/anti-saccade task; ITI, inter-trial interval; MoCA, Montreal Cognitive Assessment; PEF, parietal eye fields; PRO, pro-saccade; REML, restricted marginal likelihood maximization; SC, superior colliculus; SEF, supplementary eye fields; SRT, saccadic reaction time; STIM, stimulus; VOT, voluntary override time.


REFERENCES

Abel, L. A., and Douglas, J. (2007). Effects of age on latency and error generation in internally mediated saccades. Neurobiol. Aging 28, 627–637. doi: 10.1016/j.neurobiolaging.2006.02.003

Alahyane, N., Brien, D. C., Coe, B. C., Stroman, P. W., and Munoz, D. P. (2014). Developmental improvements in voluntary control of behavior: effect of preparation in the fronto-parietal network? Neuroimage 98, 103–117. doi: 10.1016/j.neuroimage.2014.03.008

Alichniewicz, K. K., Brunner, F., Klünemann, H. H., and Greenlee, M. W. (2013). Neural correlates of saccadic inhibition in healthy elderly and patients with amnestic mild cognitive impairment. Front. Psychol. 4:467. doi: 10.3389/fpsyg.2013.00467

Amador, N., Schlag-Rey, M., and Schlag, J. (2004). Primate antisaccade. II. Supplementary eye field neuronal activity predicts correct performance. J. Neurophysiol. 91, 1672–1689. doi: 10.1152/jn.00138.2003

Aron, A. R. (2011). From reactive to proactive and selective control: developing a richer model for stopping inappropiate responses. Biol. Psychiatry 69, e55–e68. doi: 10.1016/j.biopsych.2010.07.024

Bargary, G., Bosten, J. M., Goodbourn, P. T., Lawrance-Owen, A. J., Hogg, R. E., and Mollon, J. D. (2017). Individual differences in human eye movements: an oculomotor signature? Vision Res. 141, 157–169. doi: 10.1016/j.visres.2017.03.001

Bedard, A. C., Nichols, S., Barbosa, J. A., Schachar, R., Logan, G. D., and Tannock, R. (2002). The development of selective inhibitory control across the life span. Dev. Neuropsychol. 21, 93–111. doi: 10.1207/S15326942DN2101_5

Bibi, R., and Edelman, J. A. (2009). The influence of motor training on human express saccade production. J. Neurophysiol. 102, 3101–3110. doi: 10.1152/jn.90710.2008

Bonnet, C., Hanuška, J., Rusz, J., Rivaud-Péchoux, S., Sieger, T., Majerová, V., et al. (2013). Horizontal and vertical eye movement metrics: what is important? Clin. Neurophysiol. 124, 2216–2229. doi: 10.1016/j.clinph.2013.05.002

Bowling, A. C., Hindman, E. A., and Donnelly, J. F. (2012). Prosaccade errors in the antisaccade task: differences between corrected and uncorrected errors and links to neuropsychological tests. Exp. Brain Res. 216, 169–179. doi: 10.1007/s00221-011-2921-7

Brown, M. R. G., Vilis, T., and Everling, S. (2007). Frontoparietal activation with preparation for antisaccades. J. Neurophysiol. 98, 1751–1762. doi: 10.1152/jn.00460.2007

Bucci, M. P., and Seassau, M. (2012). Saccadic eye movements in children: a developmental study. Exp. Brain Res. 222, 21–30. doi: 10.1007/s00221-012-3192-7

Calabro, F. J., Murty, V. P., Jalbrzikowski, M., Tervo-Clemmens, B., and Luna, B. (2020). Development of hippocampal-prefrontal cortex interactions through adolescence. Cereb. Cortex 30, 1548–1558. doi: 10.1093/cercor/bhz186

Calancie, O. G., Brien, D. C., Huang, J., Coe, B. C., Booij, L., Khalid-Khan, S., et al. (2021). Maturation of temporal saccade prediction from childhood to adulthood: predictive saccades, reduced pupil size and blink synchronization. J. Neurosci. 42, 69–80. doi: 10.1523/JNEUROSCI.0837-21.2021

Cameron, I. G. M., Pari, G., Alahyane, N., Brien, D. C., Coe, B. C., Stroman, P. W., et al. (2012). Impaired executive function signals in motor brain regions in Parkinson’s disease. Neuroimage 60, 1156–1170. doi: 10.1016/j.neuroimage.2012.01.057

Carson, N., Leach, L., and Murphy, K. J. (2018). A re-examination of montreal cognitive assessment (MoCA) cutoff scores. Int. J. Geriatr. Psychiatry 33, 379–388. doi: 10.1002/gps.4756

Casey, B. J., Tottenham, N., Liston, C., and Durston, S. (2005). Imaging the developing brain: what have we learned about cognitive development? Trends Cogn. Sci. 9, 104–110. doi: 10.1016/j.tics.2005.01.011

Cepeda, N. J., Kramer, A. F., and Gonzalez de Sather, J. C. M. (2001). Changes in executive control across the life span: examination of task-switching performance. Dev. Psychol. 37, 715–730.

Cherkasova, M. V., Manoach, D. S., Intriligator, J. M., and Barton, J. J. S. (2002). Antisaccades and task-switching: interactions in controlled processing. Exp. Brain Res. 144, 528–537. doi: 10.1007/s00221-002-1075-z

Coe, B. C., and Munoz, D. P. (2017). Mechanisms of saccade suppression revealed in the anti-saccade task. Phil. Trans. R. Soc. B. 372:20160192. doi: 10.1098/rstb.2016.0192

Coe, B. C., Huang, J., Brien, D. C., White, B. J., Yep, R., and Munoz, D. P. (2022). Automated analysis pipeline for extracting saccade, pupil, and blink parameters using video-based eye tracking. bioRxiv [Preprint]. doi: 10.1101/2022.02.22.481518

Coe, B. C., Trappenberg, T., and Munoz, D. P. (2019). Modeling saccadic action selection: cortical and basal ganglia signals coalesce in the superior colliculus. Front. Syst. Neurosci. 13:3. doi: 10.3389/fnsys.2019.00003

Connolly, J. D., Goodale, M. A., Goltz, H. C., and Munoz, D. P. (2005). FMRI activation in the human frontal eye field is correlated with saccadic reaction time. J. Neurophysiol. 94, 605–611. doi: 10.1152/jn.00830.2004

Connolly, J. D., Goodale, M. A., Menon, R. S., and Munoz, D. P. (2002). Human fMRI evidence for the neural correlates of preparatory set. Nat. Neurosci. 5, 1345–1352. doi: 10.1038/nn969

Coors, A., Merten, N., Ward, D. D., Schmid, M., Breteler, M. M. B., and Ettinger, U. (2021). Strong age but weak sex effects in eye movement performance in the general adult population: evidence from the rhineland study. Vision Res. 178, 124–133. doi: 10.1016/j.visres.2020.10.004

Curtis, C. E., and D’Esposito, M. (2003). Success and failure suppressing reflexive behavior. J. Cogn. Neurosci. 15, 409–418. doi: 10.1162/089892903321593126

Danielsen, V. M., Vidal-Piñeiro, D., Mowinckel, A. M., Sederevicius, D., Fjell, A. M., Walhovd, K. B., et al. (2020). Lifespan trajectories of relative corpus callosum thickness: regional differences and cognitive relevance. Cortex 130, 127–141. doi: 10.1016/j.cortex.2020.05.020

DeSouza, J. F. X., Menon, R. S., and Everling, S. (2003). Preparatory set associated with pro-saccades and anti-saccades in humans investigated with event-related fMRI. J. Neurophysiol. 89, 1016–1023. doi: 10.1152/jn.00562.2002

Diamond, A. (2013). Executive functions. Annu. Rev. Psychol. 64, 135–168. doi: 10.1146/annurev-psych-113011-143750

Dorris, M. C., and Munoz, D. P. (1998). Saccadic probability influences motor preparation signals and time to saccadic initiation. J. Neurosci. 18, 7015–7026. doi: 10.1523/JNEUROSCI.18-17-07015.1998

Dorris, M. C., Paré, M., and Munoz, D. P. (1997). Neural activity in superior colliculus related to the initiation of saccadic eye movements. J. Neurosci. 17, 8566–8579. doi: 10.1523/JNEUROSCI.17-21-08566.1997

Durston, S., van Belle, J., and de Zeeuw, P. (2011). Differentiating frontostriatal and fronto-cerebellar circuits in attention-deficit/hyperactivity disorder. Biol. Psychiatry 69, 1178–1184. doi: 10.1016/j.biopsych.2010.07.037

Edelman, J. A., and Keller, E. L. (1996). Activity of visuomotor burst neurons in the superior colliculus accompanying express saccades. J. Neurophysiol. 76, 908–926. doi: 10.1152/jn.1996.76.2.908

Everling, S., and Munoz, D. P. (2000). Neuronal correlates for preparatory set associated with pro-saccades and anti-saccades in the primate frontal eye field. J. Neurosci. 20, 387–400. doi: 10.1523/JNEUROSCI.20-01-00387.2000

Everling, S., Dorris, M. C., Klein, R. M., and Munoz, D. P. (1999). Role of primate superior colliculus in preparation and execution of anti-saccades and pro-saccades. J. Neurosci. 19, 2740–2754. doi: 10.1523/JNEUROSCI.19-07-02740.1999

Ferguson, H. J., Brunsdon, V. E. A., and Bradford, E. E. F. (2021). The developmental trajectories of executive function from adolescence to old age. Sci. Rep. 11:1382. doi: 10.1038/s41598-020-80866-1

Fernandez-Ruiz, J., Peltsch, A., Alahyane, N., Brien, D. C., Coe, B. C., Garcia, A., et al. (2018). Age related prefrontal compensatory mechanisms for inhibitory control in the antisaccade task. Neuroimage 165, 92–101. doi: 10.1016/j.neuroimage.2017.10.001

Fischer, B., and Boch, R. (1983). Saccadic eye movements after extremely short reaction times in the monkey. Brain Res. 260, 21–26.

Fischer, B., and Ramsperger, E. (1984). Human express saccades: extremely short reaction times of goal directed eye movements. Exp. Brain. Res. 57, 191–195. doi: 10.1007/BF00231145

Fjell, A. M., Walhovd, K. B., Westlye, L. T., Østby, Y., Tamnes, C. K., Jernigan, T. L., et al. (2010). When does brain aging accelerate? Dangers of quadratic fits in cross-sectional studies. Neuroimage 50, 1376–1383. doi: 10.1016/j.neuroimage.2010.01.061

Fjell, A. M., Westlye, L. T., Grydeland, H., Amlien, I., Espeseth, T., and Reinvang, I. (2013). Critical ages in the life-course of the adult brain: nonlinear subcortical aging. Neurobiol. Aging 34, 2239–2247. doi: 10.1016/j.neurobiolaging.2013.04.006

Ford, K. A., Goltz, H. C., Brown, M. R. G., and Everling, S. (2005). Neural processes associated with antisaccade task performance investigated with event-related fMRI. J. Neurophysiol. 94, 429–440. doi: 10.1152/jn.00471.2004

Fujiwara, K., Kiyota, N., Kunita, K., Yasukawa, M., Maeda, K., and Deng, X. (2010). Eye movement performance and prefrontal hemodynamics during saccadic eye movements in the elderly. J. Physiol. Anthropol. 29, 71–78. doi: 10.2114/jpa2.29.71

Fukushima, J., Hatta, T., and Fukushima, K. (2000). Development of voluntary control of saccadic eye movements: I. Age-related changes in normal children. Brain Dev. 22, 173–180. doi: 10.1016/s0387-7604(00)00101-7

Goh, J. O., An, Y., and Resnick, S. M. (2012). Differential trajectories of age-related changes in components of executive and memory processes. Psychol. Aging 27, 707–719. doi: 10.1037/a0026715

Hakvoort Schwerdtfeger, R. M., Alahyane, N., Brien, D. C., Coe, B. C., Stroman, P. W., and Munoz, D. P. (2013). Preparatory neural networks are impaired in adults with attention-deficit/hyperactivity disorder during the antisaccade task. Neuroimage Clin. 2, 63–78. doi: 10.1016/j.nicl.2012.10.006

Hallett, P. E. (1978). Primary and secondary saccades to goals defined by instructions. Vision Res. 18, 1279–1296. doi: 10.1016/0042-6989(78)90218-3

Hastie, T., and Tibshirani, R. (1986). Generalized additive models. Stat. Sci. 1, 297–310. doi: 10.1214/ss/1177013604

Hikosaka, O., Takikawa, Y., and Kawagoe, R. (2000). Role of the basal ganglia in the control of purposive saccadic eye movements. Physiol. Rev. 80, 953–978. doi: 10.1152/physrev.2000.80.3.953

Hwang, K., Velanova, K., and Luna, B. (2010). Strengthening of top-down frontal cognitive control networks underlying the development of inhibitory control: a functional magnetic resonance imaging effective connectivity study. J. Neurosci. 30, 15535–15545. doi: 10.1523/JNEUROSCI.2825-10.2010

Irving, E. L., Steinbach, M. J., Lillakas, L., Babu, R. J., and Hutchings, N. (2006). Horizontal saccade dynamics across the human life span. Invest. Opthalmol. Vis. Sci. 47, 2478–2484. doi: 10.1167/iovs.05-1311

Johnston, K., and Everling, S. (2006). Monkey dorsolateral prefrontal cortex sends task-selective signals directly to the superior colliculus. J. Neurosci. 26, 12471–12478. doi: 10.1523/JNEUROSCI.4101-06.2006

Johnston, K., Levin, H. M., Koval, M. J., and Everling, S. (2007). Top-down control-signal dynamics in anterior cingulate and prefrontal cortex neurons following task switching. Neuron 53, 453–462. doi: 10.1016/j.neuron.2006.12.023

Klein, C., and Foerster, F. (2001). Development of prosaccade and antisaccade task performance in participants aged 6 to 26 years. Psychophysiology 38, 179–189.

Klein, C., Fischer, B., Hartnegg, K., Heiss, W. H., and Roth, M. (2000). Optomotor and neuropsychological performance in old age. Exp. Brain Res. 135, 141–154. doi: 10.1007/s002210000506

Klein, C., Foerster, F., Hartnegg, K., and Fischer, B. (2005). Lifespan development of pro- and anti-saccades: multiple regression models for point estimates. Dev. Brain Res. 160, 113–123. doi: 10.1016/j.devbrainres.2005.06.011

Kramer, A. F., Gonzalez de Sather, J. C. M., and Cassavaugh, N. D. (2005). Development of attentional and oculomotor control. Dev. Psychol. 41, 760–772. doi: 10.1037/0012-1649.41.5.760

Kupis, L., Goodman, Z. T., Kornfeld, S., Hoang, S., Romero, C., Dirks, B., et al. (2021). Brain dynamics underlying cognitive flexibility across the lifespan. Cereb. Cortex 31, 5263–5274. doi: 10.1093/cercor/bhab156

Luna, B., Garver, K. E., Urban, T. A., Lazar, N. A., and Sweeney, J. A. (2004). Maturation of cognitive processes from late childhood to adulthood. Child Dev. 75, 1357–1372. doi: 10.1111/j.1467-8624.2004.00745.x

Luna, B., Thulborn, K. R., Munoz, D. P., Merriam, E. P., Garver, K. E., Minshew, N. J., et al. (2001). Maturation of widely distributed brain function subserves cognitive development. Neuroimage 13, 786–793. doi: 10.1006/nimg.2000.0743

Mack, D. J., Heinzel, S., Pilotto, A., Stetz, L., Lachenmaier, S., Gugolz, L., et al. (2020). The effect of age and gender on anti-saccade performance: results from a large cohort of healthy aging individuals. Eur. J. Neurosci. 52, 4165–4248. doi: 10.1111/ejn.14878

Marino, R. A., and Munoz, D. P. (2009). The effects of bottom-up target luminance and top-down spatial target predictability on saccadic reaction times. Exp. Brain Res. 197, 321–335. doi: 10.1007/s00221-009-1919-x

McDowell, J. E., Dyckman, K. A., Austin, B. P., and Clementz, B. A. (2008). Neurophysiology and neuroanatomy of reflexive and volitional saccades: evidence from studies of humans. Brain Cogn. 68, 255–270. doi: 10.1016/j.bandc.2008.08.016

Miyake, A., and Friedman, N. P. (2012). The nature and organization of individual differences in executive functions: four general conclusions. Curr. Dir. Psychol. Sci. 21, 8–14. doi: 10.1177/0963721411429458

Munoz, D. P., and Everling, S. (2004). Look away: the anti-saccade task and the voluntary control of eye movement. Nat. Rev. Neurosci. 5, 218–228. doi: 10.1038/nrn1345

Munoz, D. P., Armstrong, I. T., Hampton, K. A., and Moore, K. D. (2003). Altered control of visual fixation and saccadic eye movements in attention-deficit hyperactivity disorder. J. Neurophysiol. 90, 503–514. doi: 10.1152/jn.00192.2003

Munoz, D. P., Broughton, J. R., Goldring, J. E., and Armstrong, I. T. (1998). Age-related performance of human subjects on saccadic eye movement tasks. Exp. Brain Res. 121, 391–400. doi: 10.1007/s002210050473

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V., Collin, I., et al. (2005). The montreal cognitive assessment. MoCA: a brief screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699. doi: 10.1111/j.1532-5415.2005.53221.x

Nelles, G., de Greiff, A., Pscherer, A., and Esser, J. (2009). Age-related differences of saccade induced cortical activation. Neurosci. Lett. 458, 15–18. doi: 10.1016/j.neulet.2009.04.026

Noiret, N., Vigneron, B., Diogo, M., Vandel, P., and Laurent, É (2016). Saccadic eye movements: what do they tell us about aging cognition? Aging Neuropsychol. Cogn 24, 575–599. doi: 10.1080/13825585.2016.1237613

Nook, E. C., Stavish, C. M., Sasse, S. F., Lambert, H. K., Mair, P., McLaughlin, K. A., et al. (2020). Charting the development of emotion comprehension and abstraction from childhood to adulthood using observer-rated and linguistic measures. Emotion 20, 773–792. doi: 10.1037/emo0000609

Ordaz, S. J., Foran, W., Velanova, K., and Luna, B. (2013). Longitudinal growth curves of brain function underlying inhibitory control through adolescence. J. Neurosci. 33, 18109–18124. doi: 10.1523/JNEUROSCI.1741-13.2013

Ordaz, S. J., Fritz, B. L., Forbes, E. E., and Luna, B. (2018). The influence of pubertal maturation on antisaccade performance. Dev. Sci. 21:e12568. doi: 10.1111/desc.12568

Ordaz, S., Davis, S., and Luna, B. (2010). Effects of response preparation on developmental improvements in inhibitory control. Acta. Psychol. 134, 253–263. doi: 10.1016/j.actpsy.2010.02.007

Pagonabarraga, J., and Kulisevsky, J. (2012). Cognitive impairment and dementia in Parkinson’s disease. Neurobiol. Dis. 46, 590–596. doi: 10.1016/j.nbd.2012.03.029

Paré, M., and Munoz, D. P. (1996). Saccadic reaction time in the monkey: advanced preparation of oculomotor programs is primarily responsible for express saccade occurrence. J. Neurophysiol. 76, 3666–3681. doi: 10.1152/jn.1996.76.6.3666

Peltsch, A., Hemraj, A., Garcia, A., and Munoz, D. P. (2011). Age-related trends in saccade characteristics among the elderly. Neurobiol. Aging 32, 669–679. doi: 10.1016/j.neurobiolaging.2009.04.001

Pierrot-Deseilligny, C., Müri, R. M., Ploner, C. J., Gaymard, B., Demeret, S., and Rivaud-Pechoux, S. (2003). Decisional role of the dorsolateral prefrontal cortex in ocular motor behaviour. Brain 126, 1460–1473. doi: 10.1093/brain/awg148

Pierrot-Deseilligny, C., Ploner, C. J., Müri, R. M., Gaymard, B., and Rivaud-Péchoux, S. (2002). Effects of cortical lesions on saccadic eye movements in humans. Ann. N. Y. Acad. Sci. 956, 216–229. doi: 10.1111/j.1749-6632.2002.tb02821.x

Raemaekers, M., Vink, M., van den Heuvel, M. P., Kahn, R. S., and Ramsey, N. F. (2006). Effects of aging on BOLD fMRI during prosaccades and antisaccades. J. Cogn. Neurosci. 18, 594–603. doi: 10.1162/jocn.2006.18.4.594

Reuter, B., Phillip, A. M., Koch, I., and Kathmann, N. (2006). Effects of switching between leftward and rightward pro- and antisaccades. Biol Psychol. 72, 88–95. doi: 10.1016/j.biopsycho.2005.08.005

Rossetti, H. C., Lacritz, L. H., Munro Cullum, C., and Weiner, M. F. (2011). Normative data for the Montreal Cognitive Assessment (MoCA) in a population-based sample. Neurology 77, 1272–1275. doi: 10.1212/WNL.0b013e318230208a

Salthouse, T. A. (2009). When does age-related cognition decline begin? Neurobiol. Aging. 30, 507–514. doi: 10.1016/j.neurobiolaging.2008.09.023

Schall, J. D. (2004). On the role of frontal eye field in guiding attention and saccades. Vision. Res. 44, 1453–1467. doi: 10.1016/j.visres.2003.10.025

Schiller, P. H., Sandell, J. H., and Maunsell, J. H. (1987). The effect of frontal eye field and superior colliculus lesions on saccadic latencies in the rhesus monkey. J. Neurophysiol. 57, 1033–1049.

Scudder, C. A., Kaneko, C. R., and Fuchs, A. F. (2002). The brainstem burst generator for saccadic eye movements: a modern synthesis. Exp. Brain Res. 142, 439–462. doi: 10.1007/s00221-001-0912-9

Sebastian, A., Baldermann, C., Feige, B., Katzev, M., Scheller, E., Hellwig, B., et al. (2013a). Differential effects of age on subcomponents of response inhibition. Neurobiol. Aging 34, 2183–2193. doi: 10.1016/j.neurobiolaging.2013.03.013

Sebastian, A., Pohl, M. F., Klöppel, S., Feige, B., Lange, T., Stahl, C., et al. (2013b). Disentangling common and specific neural subprocesses of response inhibition. Neuroimage 64, 601–615. doi: 10.1016/j.neuroimage.2012.09.020

Simmonds, D. J., Hallquist, M. N., Asato, M., and Luna, B. (2014). Developmental stages and sex differences of white matter and behavioral development through adolescence: a longitudinal diffusion tensor imaging (DTI) study. Neuroimage 92, 356–368. doi: 10.1016/j.neuroimage.2013.12.044

Simpson, G. L. (2018). Modelling palaeoecological time series using generalised additive models. Front. Ecol. Evol. 6:149. doi: 10.3389/fevo.2018.00149

Sørensen, Ø, Walhovd, K. B., and Fjell, A. M. (2021). A recipe for accurate estimation of lifespan brain trajectories, distinguishing longitudinal and cohort effects. Neuroimage 226:117596. doi: 10.1016/j.neuroimage.2020.117596

Sparks, D. L. (2002). The brainstem control of saccadic eye movements. Nat. Rev. Neurosci. 3, 952–964. doi: 10.1038/nrn986

Sparks, D., Rohrer, W. H., and Zhang, Y. (2000). The role of the superior colliculus in saccade initiation: a study of express saccades and the gap effect. Vision Res. 40, 2763–2777. doi: 10.1016/s0042-6989(00)00133-4

Sweeney, J. A., Rosano, C., Berman, R. A., and Luna, B. (2001). Inhibitory control of attention declines more than working memory during normal aging. Neurobiol. Aging 22, 39–47. doi: 10.1016/s0197-4580(00)00175-5

Swick, D., Ashley, V., and Turken, U. (2011). Are the neural correlates of stopping and not going identical? Quantitative meta-analysis of two response inhibition tasks. Neuroimage 56, 1655–1665. doi: 10.1016/j.neuroimage.2011.02.070

Tervo-Clemmens, B., and Foran, W. (2022). LNCDR (LABEL:GrindEQ__0_0_0_). Zenodo. doi: 10.5281/zenodo.6470999

Velanova, K., Wheeler, M. E., and Luna, B. (2008). Maturational changes in anterior cingulate and frontoparietal recruitment support the development of error processing and inhibitory control. Cereb. Cortex 18, 2505–2522. doi: 10.1093/cercor/bhn012

Warton, D. I., and Hui, F. K. C. (2011). The arcsine is asinine: the analysis of proportions in ecology. Ecology 92, 3–10. doi: 10.1890/10-0340.1

Watanabe, M., and Munoz, D. P. (2010). Presetting basal ganglia for volitional actions. J. Neurosci. 30, 10144–10157. doi: 10.1523/JNEUROSCI.1738-10.2010

Watanabe, M., and Munoz, D. P. (2011). Probing basal ganglia functions by saccade eye movements. Eur. J. Neurosci. 33, 2070–2090. doi: 10.1111/j.1460-9568.2011.07691.x

Wierenga, L. M., Bos, M. G. N., van Rossenberg, F., and Crone, E. A. (2019). Sex effects on development of brain structure and executive functions: greater variance than mean effects. J. Cogn. Neurosci. 31, 730–753. doi: 10.1162/jocn_a_01375

Wood, S. N. (2003). Thin plate regression splines. J. R. Statist. Soc. B. 65, 95–114. doi: 10.1111/1467-9868.00374

Wood, S. N. (2011). Fast stable restricted maximum likelihood and marginal likelihood estimation of semiparametric generalized linear models. J. R. Stat. Soc. B. 73, 3–36. doi: 10.1111/j.1467-9868.2010.00749.x

Wood, S. N. (2017). Generalized Additive Models: An Introduction With R. Boca Raton, FL: CRC Press.


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

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

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


OPS/images/fnagi-14-842549-g007.jpg
ANTI Viable Correct SRT

PRO Express Correct Ratio

PRO Regular Correct Ratio

ANTI Express Error Ratio

ANTI Regular Error Ratio

Voluntary Override Time






OPS/images/fnagi-14-842549-g006.jpg
A 400+

90

80

70

60

40

30

20

10

Age (yrs)

H?
o

o 0
S 9
aAleALIa( 1814

Q
-
1

K
K]

)

80

70

60

40

30

20

10

Age (yrs)

-

o™

An?

25
10
<

-

j> i

"~

oot

p——

| g

N

N

ATAY

300

90

80

70

60

40

30

20

10

Age (yrs)





OPS/images/fnagi-14-842549-t001.jpg
IPAST measure Ref df F p R2 Deviance
explained

PRO 6.925 10.74  <2e-16 0.11 11.8%

Viable correct SRT

ANTI 8.412 2522 <2e-16 0.26 26.9%

Viable correct SRT

PRO 1.998 26.04 <2e-16 0.079 8.158%

Express-latency correct

response ratio

PRO 1.005 46.33 <2e-16  0.0703 7.18%

Regular-latency correct

response ratio

ANTI 6.106 13.9 <2e-16 0.124 13.1%

Express-latency

direction error ratio

ANTI 7857 31.88 <2e-16 0.293 30.1%

Regular-latency

direction error ratio

Voluntary override time 8.429 3123 <2e-16 0.303 31.2%





OPS/images/cross.jpg
3,

i





OPS/xhtml/nav.xhtml




Contents





		Cover



		Interleaved Pro/Anti-saccade Behavior Across the Lifespan



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Recording and Apparatus



		Experimental Paradigm



		Data Analysis



		Pre-processing



		Measures of Interest



		Generalized Additive Models and Change Point Analysis











		RESULTS



		Study Cohort



		Effect of Age on Interleaved Pro/Anti-saccade Task Behavior



		Significant Periods of Change Throughout Development and Aging



		Pro-saccade and Anti-saccade Viable Correct Saccadic Reaction Time



		Pro-saccade Express- and Regular-Latency Correct Responses



		Anti-saccade Express- and Regular-Latency Direction Errors



		Voluntary Override Time







		Relationships Between Interleaved Pro/Anti-saccade Task Measures







		DISCUSSION



		Pro-saccade and Anti-saccade Viable Correct Saccadic Reaction Time



		Pro-saccade and Anti-saccade Express- and Regular-Latency Behavior



		Voluntary Override Time



		Limitations and Future Directions







		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Aging Neuroscience










OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience





OPS/images/fnagi-14-842549-g001.jpg
A Interleaved PRO/ANTI-Saccade Task (IPAST)

FP GAP STIM & Response ITI
(1000 ms) (200 ms) (1000 ms) (1000 ms)
B 100

(o)
o

% of Saccades
[ ]

N
-— 7)) (_U
s0F S BEN 3
o 3 0]
c (I 3
<
_100 | | | | | 1 ]
0 100 200 300 400 500 600 700 800
100
50 F

% of Saccades

0 100 200 300 400 500 600 700 800
Time from STIM Appearance (ms)





OPS/images/fnagi-14-842549-g003.jpg
PRO

)

80

70

60

50
Age (yrs)

40

20

10

A 4001

o ) )
o) 0 =)
® N N

SWw) 1¥S 1021107 3|qel

~ 3501
150+

ANTI

B 400+

~ 3501

™ (9]

sw) 1 ¥S 1081109 9|qel

150+

50
Age (yrs)

90

80

6

40

20

10





OPS/images/fnagi-14-842549-g002.jpg
Number of Participants
N w I (0))
o o o o

=
o

301

281

MoCA Score

N
5

22

N
()

B Female (n=393)
B Male (n=211)

5- 9- 12-15- 18- 21- 26- 31- 36- 41- 46- 51- 56- 61- 66- 71- 76- 81- 86- 91-
8 11 14 17 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 93

Age Bins
(OENE OGP ©0MeN® (3)B & 060 & o
G MERS ) 'O GHOMNBOSDI® IS . O O
GEDOEINEIO ® © O 000ENEd OB OENO 0000 00

o0 @ 00 O o0 600 (@ ¢ eG0e®MI . @O o0 ©
e <o @ o] ® @] @
@ @ © @ @
@ o0 O @ @
@ @
(@) @
20 30 40 50 60 70 80 90

Age (yrs)





OPS/images/fnagi-14-842549-g005.jpg
ANTI

B & “aw
e ® @ C

50 60 70 80 90
Age (yrs)

40

30

20

10

<

o o
(pawiosuel)) oney Joui3 ssaldx3

=

ANTI

B, |

o h
(pawiosuel)) oney Jouig tenbay

=
1

20 30 40 50 60 70 80 90
Age (yrs)

10





OPS/images/fnagi-14-842549-g004.jpg
PRO

<t N o h
< (pawlojsuel)) oney 1081109 ssaldxg

N

90

80

20

10

Age (yrs)

,.._
R 3
L
] -
ol e®
& P
9
e 1’ ®
; p -
> 9 e @
2 % P e
&
00 g &
(@) -‘. D
)
= 8 &
] 2@
@ ®°
WO
e A
\‘ ﬂ-‘_ (&
(o] °®
O
% e
)
o
] e
&
3

4

AN

(qV] (@) h
(pawojsuel)) oney 1081100 Jeinbay

il

Age (yrs)





