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Abstract

:

Infant visual attention rapidly develops during the first year of life, playing a pivotal role in the way infants process, learn, and respond to their visual world. It is possible that individual differences in eye movement patterns shape early experience and thus subsequent cognitive development. If this is the case, then it may be possible to identify sub-optimal attentional behaviors in infancy, before the emergence of cognitive deficit. In Experiment 1, a latent profile analysis was conducted on scores derived from the Infant Orienting with Attention (IOWA) task, a cued-attention task that measures individual differences in spatial attention and orienting proficiency. This analysis identified three profiles that varied substantially in terms of attentional efficiency. The largest of these profiles (“high flexible”, 55%) demonstrated functionally optimal patterns of attentional functioning with relatively rapid, selective, and adaptive orienting responses. The next largest group (“low reactive”, 39.6%) demonstrated low attentional sensitivity with slow, insensitive orienting responses. The smallest group (“high reactive”, 5.4%) demonstrated attentional over-sensitivity, with rapid, unselective and inaccurate orienting responses. A linear mixed effect model and growth curve analysis conducted on 5- to 11-month-old eye tracking data revealed significant stable differences in growth trajectory for each phenotype group. Results from Experiment 2 demonstrated the ability of attentional phenotypes to explain individual differences in general cognitive functioning, revealing significant between-phenotype group differences in performance on a visual short-term memory task. Taken together, results presented here demonstrate that attentional phenotypes are present early in life and predict unique patterns of growth from 5 to 11 months, and may be useful in understanding the origin of individual differences in general visuo-cognitive functioning.
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1. Introduction


Infant visual attention develops rapidly over the first year of life, significantly altering the way infants respond to visual events, and recent work has demonstrated clear changes in patterns of visual orienting from 5 to 10 months of age [1]. Early in life, visual attention is constrained by biological factors such as immaturity of the retina, optical nerves, and oculomotor system, as well as cortical and subcortical immaturity [2]. However, as the nervous system develops infant attentional capabilities change very rapidly, and this is apparent when observing simple eye movements. This close coupling of eye movements and underlying neural circuitry may make visual orienting tasks an ideal means of assessing functional neural development. For example, even neonates will orient their eyes toward a peripheral stimulus [3]. These eye movements are automatic or reflexive, and are largely mediated by early developing subcortical systems such as the superior colliculus and brain stem [4,5]. Thus, significant deviations in this simple orienting response (e.g., failing to orient, or orienting too readily) may signal underlying neural pathology.



Behaviorally, these reflexive orienting responses involve a quick re-fixation of the eyes to foveate the visual stimulus, and these re-fixations typically occur in a single abrupt eye movement, or saccade. Though young infants demonstrate some degree of hypometria (i.e., consistent undershooting of saccade targets) this effect is most pronounced for large eccentricities and is largely resolved by the time infants are 6–7 months of age [6,7]. As infants develop, the characteristics of saccades continue to change. Over the first months of postnatal life, infants show increasing inhibitory control of reflexive saccades and rapid improvements in volitional saccades. For example, by 3–4 months, infants can learn to suppress reflexive saccades to an attention cue that appears contralaterally to an attractive stimulus [8], and can learn to make anticipatory saccades to expected target locations [9,10,11]. Both of these skills require a sufficiently developed prefrontal cortex, including the frontal eye fields and dorsolateral prefrontal cortex [8,12]. These selective attentional abilities may profoundly influence infant visual learning and memory [13,14,15], and rapid visual orienting is a key component of a flexible and efficient visual cognitive learning system.



Notwithstanding these early constraints on eye movement repertoires, the onset of visual exploration at birth launches a profoundly important period of interactive visuo-cortical development. The importance of these early visual experiences is particularly apparent in cases where visual experiences are atypical. For example, visual deprivation due to congenital cataracts can disrupt processing of high spatial frequencies and object motion [16], face perception [17,18], and cross-modal attention [19], whereas precocious visual experience due to preterm birth alters development of visual attention [20,21], recognition memory [22], and cortical vision [23,24,25] among other things. Clearly, early visual experience is related to the development of multiple visual cognitive skills. However, the interaction between underlying neurophysiology and visual experience may be the true mediator of visual learning. Thus, in order to understand how visual attention contributes to cognitive outcomes, we must find a way to capture the dynamics of this critical brain/behavior interaction before individual differences in cognitive development emerge. If successful, it may be possible to detect sub-optimal attention patterns early in infancy, when intervention efforts are most successful.



Fortunately, links between the characteristics of saccades and underlying neurophysiology are relatively well-understood. Most human research suggests only limited involvement of cortical visual systems like the frontal eye fields and prefrontal cortex prior to six months of age [26]. Saccades prior to that age are likely driven by subcortical structures including the cerebellum, brainstem, and superior colliculus [9,27]. For example, chronic overshooting (hypermetria) of saccade targets is diagnostic of cerebellar dysfunction [28] whereas slow saccades may signify brainstem issues, including the motoneurons and oculomotor nerves [29]. Importantly, although these subcortical eye movement structures develop disproportionately early relative to cortical visual structures [30], the facilitation of orienting achieved by spatial cueing may be insufficient to support higher-order learning and memory [13]. What does this mean for infant eye movement patterns? Limited cortical control of eye movements in the first months of life means most eye movements are predominantly reflexive in response to visual input. However, work with adults suggests that saccades can also be triggered by spontaneous neural activity (i.e., endogenous noise) in the superior colliculus [31,32,33]. These findings are particularly relevant for young infants as neural noise is higher due to limited synaptic development and poor myelination [27,34,35]. In addition, deficits in visual sensitivity the first eight months of life are inversely proportional to levels of intrinsic neural noise [36], though clear individual differences are apparent suggesting endogenous noise may be one key driver of early differences in visual orienting. Although things like neural development, physical maturation, and general health all contribute to this developmental milieu [37,38], visual experience is a critical shaper of continued visual network development [27]. As a result, interactions between neural development and visual experience drive rapid changes in eye movement patterns throughout the first year of life. This is important, as even small physiological differences in eye movement tendencies (e.g., slow saccades or unstable fixations) can qualitatively alter visual learning experiences. These small differences compounded week after week could contribute to the emergence of individual differences in cognitive development more generally. Because physiological differences in eye movement behaviors are relatively easily observed, measures involving simple visual orienting responses may be especially useful. For example, using a simple cued-attention task, it is possible to assess visual performance across multiple domains (speed, accuracy, spatial attention, saccade inhibition, etc.). By taking a multivariate approach, it may be possible to characterize each infant’s unique attentional style or phenotype, and determine if phenotypic differences are related to individual differences in cognitive performance. To accomplish this, we will use the Infant Orienting with Attention (IOWA) task, a cued-attention task that measures individual differences in spatial attention and orienting proficiency [1,20].



The IOWA task is based on well-documented spatial cueing effects [8,9,10,11,39,40,41], and provides a set of continuous measures based on both overt shifts of attention (i.e., eye movements), and covert shifts of attention (i.e., spatial cueing effects) [42]. Primary dependent measures consist of saccadic reaction time to a peripheral target (SRT), and orienting accuracy across a variety of cue conditions, including congruent (valid spatial precues), incongruent (invalid spatial precues cues) and neutral cued attention trials (double spatial precues), along with baseline control trials. Accuracy and SRT can be used to create a series of difference scores to assess the development of spatial attention, orienting speed, saccade inhibition and visual competition. These scores can further be normalized to facilitate the comparison of spatial attention both within an age (i.e., individual differences), and between ages (i.e., developmental differences) despite differences in baseline orienting speed (see Figure 1).



The task has been used to assess attentional functioning in both full-term [1] and preterm infants [20], as well as infants in rural Malawi [43] making it an ideal candidate for examining both overall development, and the emergence of individual differences. In general, results from this task highlight substantial improvements in orienting speed, coupled with increasing facilitation from congruent spatial cues, decreasing interference from incongruent spatial cues, and increases in visual competition [44] from 5- to 10-months-of-age in full-term infants [1]. Preterm infant findings reveal substantially less facilitation and substantially more interference than their full-term counterparts, which suggests relatively poor attentional selectivity, saccade inhibition, or both [20]. Though previous results show developmental improvement in overall orienting speed, accuracy, and spatial attention, not all infants showed this pattern of responding. Some infants showed fast orienting speeds and strong spatial cueing effects but made numerous errors, suggesting poor saccade inhibition for the invalid cues. Still others demonstrated relatively weak spatial cueing effects and slow orienting speeds but made few errors, suggesting relatively underdeveloped spatial attention mechanisms and slow processing speed. Thus, assessing stability using cued-attention tasks requires a multivariate approach, and this may be why there is relatively little longitudinal research examining spatial cueing effects in infants. If individual differences are stable over time, they could radically alter both the quality of visual input detected and subsequently fixated, and the quantity of visual events that elicit visual exploration.



Previous research demonstrates that visual behaviors (e.g., fixation rate, look duration, peak look, shift rate, etc.) and attentional biases are relatively stable during the first year of life [22,43,45,46,47], and show moderate cross task stability within both cognitive and social contexts [48]. Though several of these tasks relied on holistic measures of attention such as peak look duration and switch rate in the context of longer-term memory tasks, the important commonality across all of these measures is underlying patterns in general orienting behavior. Based on these findings, we posit that individual differences in attentional phenotypes will appear early in development and remain relatively stable over time. Moreover, to the extent that individual differences in attentional phenotype mediate the relationship between visual experience and subsequent visual cognitive development, we predict that attentional phenotypes will be related to performance differences on a qualitatively different cognitive task. In Experiment 1, we tested full-term infants longitudinally at 5-, 8-, and 11-months of age, and conducted a latent profile analysis (LPA) on 11-month-old IOWA scores to identify distinct attentional subtypes. We then confirmed the stability of these profiles by conducting growth trajectory analyses from 5 to 11 months of age. In Experiment 2, we examined the relation of each profile identified in Experiment 1 (i.e., attentional phenotype) to cognitive development more generally, by examining performance on a separate visual short-term memory (STM).




2. Experiment 1


The goal of Experiment 1 was to determine if attention, speed, and accuracy measures taken from the IOWA task could be used to identify attentional phenotypes, and to determine if these attentional phenotypes predicted distinct growth trajectories from 5 to 11 months. To accomplish this, we recruited infants at 5 months of age, and tested them in the IOWA task at 5, 8, and 11 months of age. Next, we conducted a latent profile analysis (LPA) on six key IOWA attention scores to classify 11-month-old infants into distinct profiles. We chose to conduct these analyses at 11 months for several reasons: Eye-tracking data from older infants tends to have a higher signal to noise ratio than younger infants [49], older infants were more likely to stay engaged in the task, and previous research suggested attention score variability was highest in older infants [1]. Lastly, linear mixed effects models (LME) with conditional growth curve analyses were used to assess the stability phenotype group cohesion from 5 to 11 months of age.



2.1. Methods


2.1.1. Participants


All infant names were obtained from the Tennessee Department of Health and were born full term with no reported birth defects or vision problems. The current sample was drawn from an ongoing longitudinal study of infant cognitive development. Infants were recruited at 4 months of age and invited for lab visits at 5, 8, and 11 months of age. The original full sample included 117 5-month-olds (Mdays = 155.44, SDdays = 8.71), 120 8-month-olds (Mdays = 245.78, SDdays = 8.95), and 118 11-month-olds (Mdays = 335.9, SDdays = 8.89). Twenty infants were excluded from this original sample due to fussiness or fatigue (N = 10 at 5 mo, N = 1 at 8 mo, and N = 4 at 11 mo), experimenter error or equipment failure (N = 2 at 8 mo, and N = 3 at 11 mo). All methods and procedures were approved by East Tennessee State University IRB (protocol number: 0314.29s, date: 2/12/2014).



From this complete sample, we selected all infants who successfully completed the IOWA task at their 11-month visit and at least one other visit. This resulted in a final sample of 111 11-month-olds months (Mdays = 335.82, SDdays = 8.58, 62 males and 49 females), 79 of whom participated at 8 months (Mdays = 246, SDdays = 7.99, 49 males and 30 females), and 69 of whom participated at 5 months (Mdays = 157.81 days, SDdays = 9.37, 38 males and 31 females). Of the 111 selected infants 97 were White, 1 was Black, 9 were multi-racial, 1 was Middle Eastern, and 3 parents chose not to respond. In addition, 102 infants were Non-Hispanic, 4 were Hispanic, and 5 parents chose not to respond. Overall, 99.10% of the mothers had graduated high school, and 58.56% had at least a bachelor’s degree. For every visit, parents received a $20 gift card and infants received a small toy. Transportation and sibling childcare for the visits were provided if needed.




2.1.2. Stimuli and Procedure


A Tobii TX-300 eye tracker (Tobii Technology, Danderyd, Sweden) was used to present the stimuli on a 23” monitor with a viewable surface of 45.5° (w) by 26.76° (h) at a distance of 65 cm. A Cedrus StimTracker was used to precisely mark stimulus events via pixel photodetection, and all latency calculations were conducted with respect to these event marks. Infants were tested in a dimly lit room on their parent’s lap, and continuous gaze was recorded as they viewed each trial. Prior to data collection, each infant was calibrated using a 5-point calibration scheme, and testing did not proceed until reasonable accuracy was obtained for all 5 points. (Note that the Tobii Studio calibration routine relies on qualitative validation after calibration. After calibration, fixation stimuli were re-presented to each of the 5 calibration points, and calibration precision and accuracy were indicated graphically as deviance from stimulus center. Any points that deviated substantially beyond the 1° boundary were subsequently resampled and revalidated. This procedure continued until all five points showed good precision and accuracy). An observer seated out of sight would initiate a trial when the infant was judged to be fixating the central attention-getter (i.e., a musical dancing smiley face, see Figure 1). Each trial consisted of a 100 ms precue consisting of a spatial cue (1° black dot) presented to the left or right of central fixation. For some conditions, this spatial cue was accompanied by a 100 ms auditory tone (500 Hz sine wave). The precue interval was followed by a 100 ms blank interval, followed immediately by the presentation of a target either in the same location as the spatial precue (i.e., valid cue) or contralateral to the spatial precue (i.e., invalid cue). Targets consisted of 5° (w) by 5° (h) digital images of colorful everyday objects and were sampled without replacement from a pool of 182 images. Targets and spatial cues were each presented 11° degrees to the left or the right of fixation. Experimental conditions were created by manipulating the validity of the cues as follows: The valid cue condition contained a spatial + auditory cue presented in the same location as the target. The invalid cue condition contained a spatial + auditory cue presented contralaterally to the target, and the double cue condition contained spatial + auditory cue presented simultaneously to the left and right of fixation followed by the target. Two additional control conditions were created as baseline measures of orienting speed and included the tone cue condition which contained an auditory cue but no spatial cue, and the no cue condition which contained neither an auditory nor a spatial cue. Targets remained visible for 1000 ms after which the attention-getter reappeared, and the next trial began. Each block contained two of each cue condition (one with target on left, and one with target on right) presented in random order, and infants saw up to 12 blocks (120 trials). Testing continued until infants lost interest or became fussy, and all infants completed at least 30 trials (Mtrials = 78.07, SDtrials = 22.28).




2.1.3. Measures


A 15° (w) by 15° (h) interest area was drawn around both left and right target locations, and the first fixation within 1000 ms of target appearance was coded as the response. These interest areas were chosen to closely mirror human standards of movement detection, and as such were sufficiently large to detect looks that fall outside of the target stimulus due to calibration error. As in Ross-Sheehy et al. 2015, only trials in which the infant was fixating center at target onset were included, and saccades that occurred within 100 ms of target presentation were discarded as anticipatory. Primary dependent measures included saccadic reaction time to the target (SRT), and accuracy (correct = first saccade to the target). Only correct looks were used in reaction time measures. Infants who could not be calibrated or whose gaze was lost for more than 50% of their trials (N = 42 of 239 sessions) were frame-by-frame coded offline from video captured at 60 fps (i.e., 16.6 ms/frame). To ensure human observers and eye tracking measures were qualitatively and quantitively comparable, we frame-by-frame coded an additional 25% of the 11-month-old infants with high quality eye tracking and compared human-derived measures with eye tracking-derived measures. Percent agreement for direction of first look was high (95%), and mean SRT differences were reasonably low (M = 48.68 ms, SD = 70.43). This is important and demonstrates frame-by-frame coding may be a reasonable alternative when eye tracking is infeasible or calibration accuracy is questionable.



A series of three different scores were created (correct trials only) to assess the magnitude of spatial cueing effects. These attention scores were then normalized using each infant’s baseline orienting speed (mean SRT for tone cue condition) to ensure that spatial cueing effects were not confounded with general differences in orienting speed. These scores included Cue facilitation ((baseline SRT-valid SRT)/baseline SRT), with higher scores indicating faster SRTs for valid cues relative to baseline; Cue interference ((invalid SRT-baseline SRT)/baseline SRT), with higher scores indicating slower SRTs for invalid cues relative to baseline; and Cue competition ((double SRT-valid SRT)/baseline SRT), with higher scores indicating slower SRTs for double cues relative to valid cues. Three additional scores were calculated to capture overall differences in orienting speed and accuracy. These are mean saccadic reaction time (mean SRT across all conditions for correct trials only), with higher scores indicating slower overall orienting speed; Task error (1- average (double % correct and invalid% correct)), with higher scores representing more error in conditions that contained visual competition (invalid and double cue conditions). Note that these errors are task relevant, and can occur if infants are fast enough processors that they respond to the cue prior to the appearance of the target. The last score is Baseline error (1- average (valid % correct, tone % correct, no cue % correct)), with higher scores representing more errors in conditions with no visual competition (valid, no cue, tone cue). Note that performance is typically near ceiling for these conditions, thus a high baseline error score can be a marker of off-task behavior, calibration noise, or visual deficits.



Although the goal of the current work is to examine individual differences, an outlier analysis was conducted to ensure that the six attention scores did not contain implausible scores, or values that were inconsistent with observed trends in the data. Aberrant scores due to eye tracker or calibration noise should produce extreme values across all attention scores, therefore infants with plausible scores and fewer than 4 outlier values should be considered valid. Of the 11 subjects with outlier scores (i.e., scores >3rd quartile + 1.5 times the interquartile range, or <1st quartile − 1.5 times interquartile range), 9 infants contributed only a single outlier data point, 1 infant contributed 2 outlier data points, and 1 infant contributed 3 outlier data points. Thus, all infants were included in subsequent analyses.




2.1.4. Data Reduction


Binocular gaze was sampled continuously at 300 Hz throughout the testing session, and saccades and fixations were parsed using a velocity threshold filter (Tobii I-VT fixation filter, Tobii Technology, Danderyd, Sweden) [50] with the following parameter settings: Left and right gaze was averaged, interpolated across gaps of 75 ms or less, and smoothed using 3-sample moving average. A velocity calculator window of 20 ms was used, and the threshold for calculating a saccade was 30 degrees/second. Short fixations were merged (<75 ms, <5°) and looks shorter than 60 ms were discarded.





2.2. Results


Raw SRT and percent correct data are presented in Figure 2. In general, infants were fastest and most accurate for the valid cues, slowest and least accurate for the invalid cues, with particularly strong cueing effects at 8 months. Developmentally, SRT appears to decrease with age, with particular improvements from 5 to 8 months. Importantly, the rate of SRT improvement appears to outstrip the development of saccade inhibition as evidenced by increasing error rates for the older infants-particularly for the invalid and double cue conditions. This pattern of development replicates previously published findings [1].



Next we calculated six composite attention scores using raw SRT and percent correct data (see Measures above). Facilitation and interference scores measure the strength of spatial cueing effects for the valid (former) and invalid (latter) cues. Any score larger than zero demonstrates the presence of spatial cueing effects, and higher scores represent stronger effects. The competition score is a measure of the visual competition caused by the presentation of two simultaneous cues in the double cue condition. The stronger the competition effect, the larger the score. As its name suggests, mean SRT is simply an average of each infant’s SRT across all conditions providing a robust assessment of general orienting speed. Baseline error reflects random trial to trial error, and task error reflects errors produced in conditions that require saccade inhibition. High baseline errors may suggest an infant is off task or has visual deficits, whereas high task error typically indicates that the infant is engaged and is very sensitive to spatial cueing effects. Although this may seem counterintuitive, errors occur when an infant is fast enough that they have begun saccade execution prior to the onset of the target. However it also suggests that although spatial attention and SRT systems are well-developed, the infant may yet lack the cortical attentional control necessary to inhibit the reflexive saccade to the invalid cue. It stands to reason that as prefrontal cortex continues to develop, task error should drop.



The primary aims of Experiment 1 are to: (1) Determine if attentional phenotypes can be identified using the six IOWA attention scores (see Measures above), and (2) assess the ability of these attentional phenotypes to predict group differences in developmental growth trajectory. We will address aim 1 by conducting a latent profile analysis (LPA) on IOWA attention scores, and will address aim 2 by conducting linear mixed effects (LME) models on the 11 month cluster data to predict growth trajectories by cluster from 5 to 11 months of age.



2.2.1. Assessing Attentional Phenotypes at 11-Months-of-Age


The six attention scores described above capture individual differences in spatial cueing, speed of orienting, and saccade inhibition. While previous work has used these scores to probe development cross-sectionally, here we are using them longitudinally to assess stability of patterns of attentional performance over time. In this way, it may be possible to identify which scores are most likely to contribute to stable attentional phenotypes. As a first step, we submitted the 11-month-old IOWA attention scores to an exploratory LPA using Mplus (version 8.4, Muthén & Muthén, Los Angeles, LA, SA) [51] and the MPlusAutomation package (version 0.7-3) for R [52]. (Note that 7 of the 111 subjects made no errors and thus had no interference score. These scores were addressed in MPlus using maximum likelihood estimation [53]). Latent profile analyses are essentially latent cluster analyses (LCA) with continuous outcome measures [54]. As is the case with LCA, LPA can be very useful for identifying behavioral patterns or clusters across multiple dependent measures, making it an ideal tool identifying attentional phenotype groups.



As is typical for exploratory LPA analyses, models were computed for profile sizes 1–5, and the 2, 3, 4, and 5 profile models all produced good model fits. Although theory and interpretability should always guide model choice, this is especially important when multiple models provide good statistical fits [54,55] as there is currently no single accepted approach to model selection [56,57]. Lo-Mendell Ruben (LMR) likelihood ratio tests were conducted to examine goodness of fit for each model (k) compared to the previous simpler model (k-1). Results revealed significantly better model fits for 2-profile model relative to the 1-profile model. Results for the 3-, 4-, and 5-profile models did not differ significantly suggesting the minimum complexity required for adequate fit to be 2 profiles, and that the 2-, 3-, 4-, and 5-profile models all produced good fits. We next examined log likelihood (logLik), Akaike information criterion (AIC), Bayesian information criterion (BIC) and entropy to determine which models resulted in overall best fits (Table 1). Log likelihood is a measure of goodness of fit, with higher numbers representing better model fits. Both AIC and BIC incorporate a penalty on model complexity to help prevent “overfitting”, the arbitrary addition of profiles to improve model fits without regard to interpretability or theoretical support. Low values for both AIC and BIC indicate best model fits. Note that although both AIC and BIC are commonly used for model selection, BIC tends to be more accurate for models with continuous variables [57]. Entropy is a widely used criterion of classification accuracy, with higher values indicating more precise assignment of individuals to profiles. Both BIC and entropy strongly favored the 4-class model, whereas the AIC favored the 5-class model (Table 1), thus the more complex 5-profile model was eliminated from further consideration. This left as candidates the 2-, 3- and 4-profile models, each of which produced excellent statistical fits, though both the 3-profile and 4-profile models produced substantially better fits than the 2-class model. Three key aspects were examined when making our final model selection: (1) Which model produced readily discernible and interpretable profiles, (2) which model produced profiles that preserved the most between-group variability, and (3) which model provided the most parsimonious solution. Figure 3 presents frequency histograms for each of these three candidate models, along with posterior probabilities for classification. Though the 2-profile model is the simplest, the 3-profile model had stronger fit statistics, and produced three readily distinguishable profiles. The 4-profile model has best overall model fits, but group 4 was not qualitatively different from group 2 making interpretation problematic. Finally, posterior probabilities for classification certainty were highest for model 3. Interestingly, the group 3 composition was exactly the same for both the 3- and 4-profile models. This along with its relatively high posterior probability of classification bolstered our confidence that this group captured a small but meaningful behavioral trend. Thus model 3 appeared to provide the best balance between model fits, profile distinguishability, and parsimony (see Table 2 for means and SD by profile).



Group 1 (N = 44) is characterized by weak spatial cueing effects, slow reaction times, and very low error rates. This cluster is labeled low reactive, as these infants tend to be relatively insensitive to the effects of the cue. In addition, low error rates likely reflect slow processing speed so it is unclear if these infants are capable of saccade inhibition. Group 2 (N = 61) is characterized by strong spatial cuing effects, rapid reaction times, and moderate to low error rates. This cluster is labeled high flexible, because these infants show strong cueing effects when the cue is helpful, and sufficient saccade inhibition to prevent errors when the cue is distracting. These infants are also reasonably fast processers and “orienters”. Thus, the high flexible phenotype demonstrates an ideal pattern of responding. Group 3 (N = 6) is characterized by strong spatial cueing effects, fast reaction times, and high error rates. This cluster is labeled high reactive, as they seem to demonstrate hypersensitivity to the cue. The effects of this oversensitivity are further exacerbated by their fast orienting speeds, and low saccade inhibition. This may be the least developmentally advantageous phenotype, as oversensitivity to peripheral events suggests they may struggle with visual learning tasks that require sustained fixation or saccade inhibition [13,14]. Despite the small number of participants in the high reactive group, at >5% of the sample they were sufficient in number to warrant inclusion, and their presence improved overall model fit, entropy, and posterior probabilities for the remaining two profiles. In addition, as can be seen in Figure 3, the pattern of orienting is highly consistent across individuals within this group, and is consistent with previously predicted effects of fast processing and strong spatial attention without the benefit of saccade inhibition [1].



Two additional factors were examined to ensure all three phenotypes reflected genuine behavioral differences rather than low-level confounds: Task engagement as indexed using trial counts, and calibration accuracy as indexed by the number of infants in each group requiring hand coding. Neither trial count (MeantrialHF = 80.08, SDtrialHF = 21.65; MeantrialLR = 83.07, SDtrialLR = 24.07; MeantrialHR = 79.17, SDtrialHR = 21.85), nor calibration accuracy (CodedHF = 26, CodedHR = 2, CodedLR = 14) differed substantially from overall phenotype proportions. In addition, these general cluster proportions were maintained across all three ages: High flexible: N = 38, 45, and 61 for 5-, 8-, and 11-month-olds, respectively. High reactive: N = 4, 3, and 6 for 5-, 8-, and 11-month-olds, respectively. Low reactive: N = 17, 21 and 44 for 5-, 8-, and 11-month-olds, respectively.




2.2.2. Assessing the Stability of Attentional Phenotypes


To further explore the stability of these phenotypes over the first year of life LME models were used to fit conditional growth curves by profile from 5 to 11 months (R package: nlme). Separate LME models were conducted for each of the six attention scores, with age (5, 8, or 11 months) and profile (high reactive, low reactive, or high flexible) as fixed factors, and subject as a random factor. This allows us to assess the ability of profile membership to explain growth trajectory differences from 5 to 11 months (see Table 3). In general, results revealed three attention scores with significant profile effects. These are interference, task error, and mean SRT. Although these results demonstrate clear profile effects for at least three attention scores, our next analysis sought to more directly assess the ability of profile to explain differences in growth trajectory over-and-above development alone. To accomplish this, we conducted separate ANOVAs for each attention score comparing our previous age by profile LME (i.e., model 2) to a time-only baseline model (i.e., model 1). Results revealed significantly better model 2 fits for cue facilitation, χ2(4) = 55.01, p < 0.001; cue interference, χ2(4) = 46.07, p < 0.001; task error, χ2(4) = 93.06, p < 0.001; and mean SRT, χ2(4) = 65.43, p < 0.001 (see Table 4 for model tests and Figure 4 for fitted growth trajectories). These findings suggest that developmental trajectories vary significantly by attention phenotype for four IOWA attention scores: Cue facilitation, cue interference, task error, and mean SRT. In addition to helping identify the four IOWA scores that were most useful in differentiating early predictors of later individual differences in visual orienting, this analysis provides very strong validation of the 3-profile model. Specifically, although the high reactive phenotype group is small, group cohesion was strong, and groupwise trends were clear at all three ages for both cue interference and task error. Moreover, the finding that high reactive infants differed only on scores that assess visual competition further supports the hypothesis that phenotypic differences were due in part to relatively low saccade inhibition. Clear differences in growth trajectory were also apparent for both the high flexible and low reactive infants, particularly for the cue facilitation, mean SRT, and task error. If these phenotypes merely reflected random performance factors, general maturation, or eyetracker noise, we did not expect phenotype group (model 2) to do a better job of predicting growth than the time only baseline model (model 1).





2.3. Discussion


The aims of Experiment 1 were twofold: First to determine if attentional phenotypes could be identified using the six IOWA attention scores, and second to assess the ability of these attentional phenotypes to predict group differences in developmental growth trajectory. In addition to replicating previous findings [1], results from both our LPA and LME analyses suggest that distinct attentional phenotypes are present and readily identifiable at 11 months of age, and that these phenotypes predict distinct growth trajectories for four of the six IOWA attention scores tested: facilitation, interference, mean SRT, and task error. Model fits presented in Figure 4 reveal distinct growth trajectories for each attentional phenotype, and the patterns of difference may help elucidate mechanisms that underlie attentional proficiency. For example, although both the high flexible and high reactive infants show increasing sensitivity to valid spatial cues (cue facilitation), only the high reactive infants become increasingly able to resist the distraction of an invalid cue (cue interference). This suggests that high reactive infants may lack development in frontal eye fields and other cortical sources of saccade inhibition. Consistent with that interpretation, high reactive infants consistently demonstrate very high task error rates, and this effect does not appear to change from 5 to 11 months. This high reactive phenotype, though small in number, represents an important developmental profile, as it may signify a relatively unselective attentional orienting system. Future work will determine if these infants are at greater-than-average risk for attentional dysfunction or distractibility later in life. Although it may seem counterintuitive that high flexible infants demonstrate increasing task errors, this appears to be related to concurrent decreases in reaction time (mean SRT). It is likely the case that the mechanisms that subserve orienting speed (e.g., spatial attention, processing speed, saccade programming, saccade execution, etc.) mature more rapidly than saccade inhibition mechanisms, resulting in what appears to be a speed/accuracy tradeoff. Interestingly, the low reactive infants show very little developmental change from 5 to 11 months. This phenotype demonstrates low spatial attention (facilitation, interference) and slow mean RTs. Though their error rates are relatively low, this is most likely due to slow saccade programming/execution and poor spatial attention rather than high inhibitory control of saccades. Thus, low reactive phenotype may be somewhat delayed relative to the high flexible phenotype.





3. Experiment 2


Experiment 1 demonstrated that attentional phenotypes are present early in life and produce qualitatively and quantitatively discernible patterns of visual orienting. However, it is currently unclear if these phenotypic differences are meaningful outside the context of a rapid visual orienting task. Further, it is currently unclear if the behavioral tendencies evidenced by our three phenotype groups will manifest in other more cognitive tasks. The goals of Experiment 2 are to: (1) Determine if attentional phenotypes produce detectable differences in eye movement behaviors on a qualitatively different kind of task, and (2) to determine if attentional phenotypes produce detectably different patterns of performance on a cognitive task. The cognitive task we have chosen is a visual STM task [58]. There are several reasons for this selection: First, previous research suggests successful change detection, a measure of visual STM fidelity, may be influenced by attention in infants [15] and adults [59,60], even in the absence of overt orienting responses. Second, whereas our attention task was designed to elicit rapid and reflexive orienting responses, our visual STM task was not. The simultaneous appearance of multiple stimuli typically inhibits rapid reflexive orienting [39,40,61,62], and the slower task intervals are sufficiently long to allow for multiple saccades and fixations. Third, STM is a key cognitive ability and a strong predictor of overall academic achievement [63,64,65]. Finally, using a task that taps fundamentally different visual-cognitive skills provides a strong test of our hypothesis that persistent individual differences in eye movement tendencies underpin performance on all visual tasks. Though infant change detection tasks incorporating a dual-screen procedure typically use “change preference” to infer change detection [66] (i.e., longer look durations to the changing array versus the unchanged array), previous work using single-screen “one-shot” procedures suggests change preference (i.e., longer fixations to the changed feature versus the unchanged features) may be confounded with fixation behavior during encoding for both infants and adults [58]. That is, infants and adults who simply made more eye movements were more likely to have fixated the to-be-changed item during encoding resulting in higher change preference scores. Thus in this one-shot context, change preference may be more reflective of scanning behavior than STM capacity, per se. Importantly, lower-level visual dynamics such as visual scanning and total looking did appear to vary with STM fidelity for both infants and adults. Thus, we chose these measures as a strong test of our hypothesis that attentional phenotypes underpin individual differences in cognitive functioning above-and-beyond what can reasonably be attributed to simple visual orienting differences.



3.1. Methods


3.1.1. Participants


The final sample consisted of 102 infants tested in Experiment 1 at 11 months (A full analysis of these visual STM results have been reported elsewhere [58]. Here we are simply using visual STM performance to test the hypothesis that attentional phenotype influences cognitive performance more generally). An additional 9 infants were excluded from this analysis due to fussiness or general fatigue (N = 4), or experimenter error (N = 5). The resulting attention phenotype counts were as follows: high reactive (N = 5), low reactive (N = 42), and high flexible (N = 55). Although the sample for the high reactive phenotype is small, analyses presented in Experiment 1 demonstrate that excluding these infants resulted in significantly reduced model fits. Thus, although they are few, they do appear to represent an important phenotype profile.




3.1.2. Stimuli and Procedure


General eye tracking procedures were identical to Experiment 1, and details of the visual STM task will be briefly summarized below [58]. Stimuli consisted of arrays of colored circles, presented against a black background 8° from central fixation at 45°, 135°, 225°, and 315°. All circles measured 5° in diameter, and total eccentricity measured 15.5° (Figure 5). Set size (1–4 circles) and condition (change, no-change) were tested within subjects, resulting in 8 unique trial types. These trials were presented randomly within each block for up to 12 blocks (96 trials max) or until infants lost interest or became fussy. Average trial counts by attention phenotype were as follows: High flexible (Mtrials = 29.23, SDtrials = 10,074), high reactive (Mtrials = 27.75, SDtrials = 7365), and low reactive (Mtrials = 33.33, SDtrials = 14,272).



Each trial began with a dynamic central fixation stimulus that both attracted attention and helped increase between-trial distinctiveness. Once the infant was judged to be fixating, the trial was started, and infants were presented a 1000 ms sample array comprised of 1–4 colored circles, followed by a 500 ms blank retention interval, and finally a 3000 ms test array that was either identical to the sample array (no-change trials), or included a color change in one random location (change trials). All change trials were followed by a 3 s audiovisual animation in the location of the change. This reinforcing stimulus served to increase the likelihood of fixating the changed circle, and generally keep interest high. Primary dependent measures included total look duration (i.e., the summation of all fixations during the test interval), and switch count (i.e., the number of times an infant looked from one circle to another during the test interval).




3.1.3. Data Reduction


Data reduction procedures were identical to Experiment 1.





3.2. Results


Previous research using this task [58] suggested that switch rate and duration of looking during the test array were particularly good indicators of adult performance. Specifically, adults made fewer switches and produced shorter overall look durations during the test array for correct trials (i.e., selected “same” for non-changing trials, and “different” for trials in which a single color changed). Although we cannot assess accuracy in infants, previous results indicate that low-level visual behaviors such as switching and look duration are influenced by higher cognitive processes such as change detection. Thus, it should be possible to use these general behaviors to assess relative performance for each of our three phenotypes. If attention phenotypes reflect fundamental and persistent differences in eye movement tendencies, then performance on this visual STM task should vary by phenotype. However, given the particularly small sample size for the high reactive phenotype, we first conducted omnibus nonparametric tests to determine if group level differences were present for each measure. To accomplish this, we conducted an independent samples Kruskal–Wallis Test on individual look duration and switch counts averaged across trial, such that each participant contributed 1 sample for each condition and set size. This maximized power to detect group differences while minimizing between-subject variability due to individual differences in trial count. Results revealed significant group effects for switch count, χ2(2) = 14,312, p = 0.001, with mean score ranks of 434.49 (high flexible), 434.98 (high reactive), and 371.32 (low reactive), and for total looking, χ2(2) = 51,897, p < 0.001, with mean ranks of 458.28 (high flexible), 457.65 (high reactive), and 337.46 (low reactive). These results demonstrate significant between-group differences for both measures, thus subsequent analyses were carried out on both switch count and total looking.



To explore the specific group differences with look duration and switching, independent sample t-tests were conducted. Although this analysis is somewhat robust to unequal samples and small sample sizes, we opted to incorporate a bootstrapping procedure. This approach allowed us to derive unbiased sample statistics based on an estimated sampling distribution created through the random sampling of group means (sample count = 5000, confidence interval = 95%). This allows for robust hypothesis testing when normality of distributions cannot be assumed. An added benefit of this approach is that it is robust in the face of small sample sizes and is relatively insensitive to outliers. As with our nonparametric testing, we averaged participant data across the trial to reduce between-subject variability, and additionally averaged data across condition and set size to reduce within-subject error due to individual differences in visual STM capacity. Results for total look durations revealed that the low reactive infants looked significantly less than both the high flexible infants, t(95) = −2944, p = 0.004 and the high reactive infants, t(45) = 1253, p = 0.038. No other comparisons for look duration were significant (Figure 6). Results for switch count revealed that high flexible infants made significantly more switches than low reactive infants, t(95) = −2099, p = 0.038. No other comparisons for switch count were significant (Figure 6).



The previous analyses demonstrated significant between-group differences for measures of look duration and switch count. The goal of the next series of analyses is to assess visual STM performance for each group by comparing switch rate and total looking across set size and condition. Note that in this task evidence for change detection (a marker of visual STM accuracy) should manifest as longer looking to the change trials than to the no change trials for set sizes that are within STM capacity limits [66,67]. To examine this, we conducted separate 2 × 4 repeated measures ANOVAs for look duration and switch count with condition (change, no change) and set size (1, 2, 3, or 4) as within subject variables. Although we could have incorporated attentional phenotype as a between-subjects factor, our previous analyses already demonstrated clear between-group effects. Thus, to protect familywise error, we opted to conduct separate ANOVAs for each phenotype. Due to the small number of high reactive infants, we conducted an effect size analysis and determined that 0.477 is the minimum effect size necessary to reject the null (N = 5, alpha = 0.5, power = 0.8). Because this is a large effect for an F-test, results for the high reactive phenotype should be interpreted with extreme caution.



Beginning with looking-time data, results revealed several significant effects for the high flexible infants, including a significant main effect of change status, F(1.54) = 6.049, p = 0.017, partial eta2 = 0.101, and a significant main effect of set size, F(3165) = 4089, p = 0.008, partial eta2 = 0.07 (Figure 7). The change status by set size interaction was not significant (p = 0.145). An inspection of the means suggests a clear signature of visual STM ability, including significantly longer looking to the change trials (i.e., change detection) and decreasing change preference with increasing set size. An examination of the simple main effects confirmed this impression: High flexible infants looked significantly longer at the change trials than to the no change trials for set sizes 1 and 2 (p = 0.019 and 0.015, respectively) but not for larger set sizes (all ps > 0.1). Results for the low reactive group revealed only a marginally significant main effect of set size, F(3123) = 2308, p = 0.080, and results for the high reactive group revealed no significant effects (Figure 7).



Turning now to the switch count analyses, results revealed only a significant main effect of set size which was present for all three phenotypes: High flexible infants, F(3162) = 96,970, p < 0.001, partial eta2 = 0.642, low reactive infants, F(3123) = 46,314, p < 0.001, partial eta2 = 0.530, and high reactive infants, F(3.12) = 8714, p = 0.002, partial eta2 = 0.685. No other effects were significant, suggesting the effect driven by increases in visual complexity may simply overwhelm the substantially smaller change-detection effects we have seen in this measure (Figure 7).




3.3. Discussion


Results from our visual STM analyses revealed several interesting findings. First, consistent with previous research [58] measures of switch count and total looking during the test array did appear to capture important between-group differences in overall STM ability, and thus provided an excellent test of our hypothesis that attentional phenotype underpins general cognitive functioning and skill. Visual STM tasks are ideal for this purpose as they require a substantially different set of visual skills then a simple orienting task, and because STM ability is thought to influence myriad cognitive processes [68,69,70]. Two measures taken from this change detection task, switch count and total looking, revealed significant attention phenotype differences. Somewhat contrary to our initial expectations, high flexible infants demonstrated significantly longer look durations and significantly more switching overall than the low reactive infants. The high reactive infants were much more variable due to low sample size, though they produced longer look durations than the low reactive infants, and highly varied switch counts.



Results examining visual STM performance by phenotype group revealed a slightly more nuanced pattern of effects: High flexible infants looked significantly longer to change trials overall and this effect was strongest for set sizes 1 and 2. This pattern suggests sufficient visual STM capacity for arrays of up to two items, with diminishing performance as set size increased. In addition, though high flexible infants showed long look durations and high switch counts, both scores increased significantly with increasing set size, suggesting a skilled and flexible pattern of visual engagement—as visual complexity increased, switching and total looking increased to allow for greater encoding of the entire array. In contrast, results for both the low reactive and high reactive infants revealed no clear evidence of change detection even at the smallest set sizes. In addition, contrary to high reactive infants, look durations for the low reactive infants decreased with increasing set sizes. Though this effect was only marginal, this tendency coupled with the lack of evidence for change detection suggests low reactive infants may be struggling to deal with the effects of high visual competition, disengaging from the task before they are able to build a visual STM trace. Though switch counts do increase with increasing set size, the magnitude of this increase is insufficient for driving the longer look durations apparent for the high flexible infants at set sizes 3 and 4. Overall, only high flexible infants show evidence of change detection. This finding corroborates our initial impression that the high flexible attention phenotype may be more developmentally advantageous, and that attention phenotypes may help explain individual differences in cognitive performance.





4. General Discussion


The IOWA task is based on simple visual orienting responses, and previous work has demonstrated the importance of each of these skills for typical development [71]. However, in addition to measures of visual orienting, the IOWA task produces several scores that can be combined to help characterize attentional functioning across a variety of foundation attentional skills from spatial attention to saccade inhibition. Results from this longitudinal dataset reveal that by taking a multivariate approach to the measuring of attention (e.g., speed, accuracy, and spatial cueing effects) we can identify consistent behavioral patterns or phenotypes that predict distinct growth trajectories throughout the first year of life, and possibly beyond. Moreover, if individual differences in attention influence cognitive development more generally, then attentional phenotype may culminate in larger long-term differences. That is, if the identified attention phenotypes reflect individual differences in the underlying neurophysiological development, reactivity, and experience, then these differences should persist across a variety of visual cognitive tasks.



This paper presented results from two experiments, the first a longitudinal assessment of attentional development from 5 to 11 months of age, and the second a concurrent task designed to assess links between attention phenotype group discovered in Experiment 1, and cognitive functioning more generally. Specifically, using measures of visual orienting proficiency gleaned from the IOWA task [1], we have identified three distinct attentional styles or phenotypes that are stable from 5 to 11 months and possibly beyond. Importantly, these attentional phenotypes appear to be related cognitive development more generally, providing evidence that these phenotypic differences reflect individual differences in persistent, underlying patterns of behavior. This is an important finding and reveals that our phenotype clusters were apparent at all three ages and predicted qualitatively different patterns of development from 5 to 11 months. If these phenotypes merely reflected general maturation or noise, we would not expect the inclusion of phenotype in our model to improve model fits over-and-above our time only baseline model. This analysis provides strong support that all three phenotypes, including the high reactive phenotype, reflect persistent behavioral patterns that give way to significant and meaningful differences in growth trajectory.



Interestingly however, phenotype group significantly improved growth modeling for only four of the six IOWA attention scores. These scores were cue facilitation, or the amount of benefit incurred from a valid spatial precue, cue interference, or the amount of decrement incurred from an invalid spatial cue, task error, the rate of errors averaged across the two high inhibition conditions (invalid cue and double cue), and mean reaction time. In contrast, the time only baseline model provided best fits for both baseline error (mean error rates for valid, no cue and tone cue conditions) and cue competition (decrement incurred from double spatial cue relative to valid spatial cue), suggesting these scores mostly likely reflected general maturational trends. This is interesting, as the double cue condition was designed to elicit strong individual differences in more cortically-mediated visual orienting [44,61]. Given the attention cues in the double condition were presented simultaneously to the left and right of fixation, it is possible that the interhemispheric communication needed to detect simultaneity simply slowed the orienting response sufficiently in all groups. This cannot be the entire story, however, as error rates did increase for these conditions, suggesting that despite the simultaneous cues and subsequent visual competition, infants were still able to program and execute a saccade rapidly enough to produce the error.



Results from Experiment 2 demonstrate that these attentional phenotypes are not only stable in the context of a visual attention task, but also produce significant differences in performance on a visual STM task designed to assess differences in general cognitive development. Given the substantially different task parameters of the IOWA task and the visual STM task (e.g., speeded 100 ms cued trials vs. 3000 ms change detection trials), and given findings of distinct and stable growth trajectories of the unique phenotypes, it seems likely that the link between attentional phenotype and subsequent performance on our visual STM task are both mediated by the same underlying neurophysiology. That is, the same underlying neurophysiological state that contributes to the fast reaction times and strong spatial attention scores exhibited by the high flexible infants during the IOWA task, may also contribute to the increased scanning and look durations that facilitated their particularly good performance on the visual STM task. We speculate that rapid, accurate performance in the context of the IOWA task requires two things: Ample development of subcortical orienting mechanisms that support reflexive saccades (e.g., sufficient myelination, and increased synaptic development) [9,27] and sufficient cortical development to support saccade inhibition when visual competition is high (e.g., substantial development of frontal eye fields and parietal cortex) [6,40]. Thus, it seems that our high flexible infants are showing a more adaptable pattern of responding earlier in development. This conclusion is further supported by our concurrent visual STM task—only the high flexible infants demonstrated clear evidence of change detection. It remains to be seen if this flexible attention profile gives way to a persistent cognitive boost across childhood.



The foundational importance of these first months of visual learning cannot be overstated. For example, in our data, we have found that 5- to 11-month-old infants make approximately 1.79 saccades/s when viewing a naturalistic scene comprised of novel objects [72]. Based on this general scanning rate, infants may scan as many as 6000 objects each day. Even a small decline in saccadic rate to 1.5 saccades/s, could substantially reduce visual object exploration. Moreover, this visual exploration deficit compounded over six months could result in nearly 200,000 fewer scanned objects before the end of the first year of life. Thus, we believe even if attentional phenotypes do no mediate all cognitive development, they most certainly contribute to it through increased visual learning. Clearly high flexible infants demonstrate fast saccades (Experiment 1) and high saccade rates (Experiment 2). However, what about our remaining two phenotypes?



Low reactive infants in general demonstrate relatively low spatial attention, and relatively slow reaction times. As a result, it is not surprising that they have relatively low task error rates, as saccade programming occurs so slowly that the target is typically present before infant initiates the saccade. Although it may seem counterintuitive, low error rates that do not increase with subsequent development signify developmental immaturity, likely due to relatively slow processing speed. Consistent with this observation is the striking lack of improvement for spatial attention scores. The high reactive infants are a bit more puzzling. Though the prevalence rate is low (5.4% of our sample versus 39.6% for the low reactive, and 55% for the high flexible), removing them from the sample statistically weakens our latent profile analysis. Thus, it is possible that it characterizes infants at risk for neurobehavioral deficits. Behaviorally, these infants tend to make very fast eye movements and show strong spatial attention, however they appear to lack saccade inhibition, a key cortical ability that facilitates encoding and memory [13,14]. This manifests as very high error rates and very high cue interference scores that do not appear to improve with age. This phenotype bears some resemblance to patterns of visual behavior demonstrated by children diagnosed with attention deficit hyperactivity disorder (ADHD) [73]. Although purely speculative, the prevalence rate of ADHD in children is similar to that captured by our high reactive phenotype [74]. Thus, multivariate orienting measures may help to identify problematic attention functioning early in infancy when interventions are most successful.



All three attentional phenotypes produce qualitative differences in growth trajectory from 5 to 11 months that are readily explained through known neurophysiological developmental mechanisms. Thus, although evidence of distinct latent profiles alone is insufficient evidence for meaningful phenotypic differences, results from Experiments 1 and 2 provide strong support for their existence. First, these profiles produced stable and distinct growth trajectories for four attention scores that cannot be explained through development alone. Second, these profiles are behaviorally meaningful and theoretically grounded in well-known neurodevelopmental events including general improvements in neural connectivity and transduction [27,34,35], decreased neural noise [36], and maturation of cortical vision and saccade inhibition [2,12,26,44]. Lastly, these behavioral profiles are meaningful beyond simple visual orienting tasks, predicting performance on a separate visual STM task: High flexible infants showed strong evidence of change detection for set sizes 1 and 2, whereas neither low reactive nor high reactive phenotypes showed such evidence. It is currently unknown if underlying differences in neurophysiology influence both IOWA and visual STM performance directly, or if neurophysiology influences visual orienting patterns which in turn influence visual STM and presumably, general visuo-cognitive performance. One way to begin to address this question is to use neuroimaging and computational modeling to look for correlations between underlying neural state, and performance on both tasks. Another approach is to follow these infants longitudinally in an attempt to see if attention phenotype in infancy predicts group differences in general developmental outcomes. This work is currently underway.




5. Conclusions


Taken together, results presented here demonstrate the utility of simple attentional orienting tasks for assessing both attentional development, and cognitive development more generally. Infants tested in the IOWA task showed consistent patterns of orienting that clustered into three phenotype groups, each of which produced distinct growth trajectories from 5 to 11 months. Moreover, the importance of attention phenotypes may extend beyond simple orienting tasks, here producing significantly different patterns of performance on a separate visual short-term memory tasks. This suggests that phenotypic differences in attentional style may contribute to emerging differences in other foundational cognitive skills such as comparison, memory, and categorization. Thus, tasks such as the IOWA task and other visual orienting tasks hold much promise for use as early markers of risk and resilience.







Author Contributions


Conceptualization, S.R.-S.; methodology, S.R.-S., E.R., and B.E.; writing—original draft preparation, S.R.-S.; writing—review and editing, E.R. and B.E.; visualization, S.R.-S. and E.R.; project administration, B.E. and E.R.; funding acquisition, S.R.-S. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by The Bill and Melinda Gates Foundation grant number OPP1119354 awarded to SRS, and the APC was funded by the Bill and Melinda Gates Foundation.




Acknowledgments


The authors would like to thank Matthew McBee for his help in developing our statistical modeling approach, and Wallace Dixon for his unwavering advocacy both for this research, and for the members of the research team. Finally, we would like to thank all of the families who participated in this research, and the members of the Infant Visual Cognition Lab.




Conflicts of Interest


The authors report no conflict of interest.




References


	



Ross-Sheehy, S.; Schneegans, S.; Spencer, J.P. The Infant Orienting With Attention task: Assessing the neural basis of spatial attention in infancy. Infancy 2015, 20, 467–506. [Google Scholar] [CrossRef]

	



Johnson, M.H.; de Haan, M. Vision, Orienting, and Attention. In Developmental Cognitive Neuroscience, 4th ed.; Blackwell Publishers Ltd.: Hoboken, NJ, USA, 2015; pp. 83–109. [Google Scholar]

	



Lewis, T.L.; Maurer, D. The development of the temporal and nasal visual fields during infancy. Vis. Res. 1992, 32, 903–911. [Google Scholar] [CrossRef]

	



Johnson, S. Cortical Maturation and the Development of Visual Attention in Early Infancy. J. Cogn. Neurosci. 1990, 2, 81–95. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, J. Human visual development over the first 6 months of life. A review and a hypothesis. Hum. Neurobiol. 1984, 3, 61–74. [Google Scholar] [PubMed]

	



Hainline, L.; Turkel, J.; Abramov, I.; Lemerise, E.; Harris, C.M. Characteristics of saccades in human infants. Vis. Res. 1984, 24, 1771–1780. [Google Scholar] [CrossRef]

	



Aslin, R.N. Models of Oculomotor Variability in Infancy. Monogr. Soc. Res. Child Dev. 1997, 62, 146–149. [Google Scholar] [CrossRef]

	



Ohnson, M.H. The inhibition of automatic saccades in early infancy. Dev. Psychobiol. 1995, 28, 281–291. [Google Scholar] [CrossRef]

	



Canfield, R.L.; Kirkham, N.Z. Infant Cortical Development and the Prospective Control of Saccadic Eye Movements. Infancy 2001, 2, 197–211. [Google Scholar] [CrossRef]

	



Canfield, R.L.; Haith, M.M. Young infants’ visual expectations for symmetric and asymmetric stimulus sequences. Dev. Psychol. 1991, 27, 198–208. [Google Scholar] [CrossRef]

	



Haith, M.M.; Hazan, C.; Goodman, G.S. Expectation and anticipation of dynamic visual events by 3.5-month-old babies. Child Dev. 1988, 59, 467–479. [Google Scholar] [CrossRef]

	



Van Der Stigchel, S.; Van Koningsbruggen, M.; Nijboer, T.C.; List, A.; Rafal, R. The role of the frontal eye fields in the oculomotor inhibition of reflexive saccades: Evidence from lesion patients. Neuropsychologia 2012, 50, 198–203. [Google Scholar] [CrossRef] [PubMed]

	



Markant, J.C.; Amso, D. The Development of Selective Attention Orienting is an Agent of Change in Learning and Memory Efficacy. Infancy 2015, 21, 154–176. [Google Scholar] [CrossRef] [PubMed]

	



Markant, J.C.; Amso, D. Selective memories: Infants’ encoding is enhanced in selection via suppression. Dev. Sci. 2013, 16, 926–940. [Google Scholar] [CrossRef] [PubMed]

	



Ross-Sheehy, S.; Oakes, L.M.; Luck, S.J. Exogenous attention influences visual short-term memory in infants. Dev. Sci. 2010, 14, 490–501. [Google Scholar] [CrossRef] [PubMed]

	



Ellemberg, D.; Lewis, T.L.; Maurer, D.; Lui, C.H.; Brent, H.P. Spatial and temporal vision in patients treated for bilateral congenital cataracts. Vis. Res. 1999, 39, 3480–3489. [Google Scholar] [CrossRef]

	



Le Grand, R.; Mondloch, C.J.; Maurer, D.; Brent, H.P.; Grand, R.L. Impairment in Holistic Face Processing Following Early Visual Deprivation. Psychol. Sci. 2004, 15, 762–768. [Google Scholar] [CrossRef]

	



Geldart, S.; Brent, H.P.; Mondloch, C.J.; Maurer, D.; De Schonen, S. The effect of early visual deprivation on the development of face processing. Dev. Sci. 2002, 5, 490–501. [Google Scholar] [CrossRef]

	



De Heering, A.; Dormal, G.; Pelland, M.; Lewis, T.; Maurer, D.; Collignon, O. A Brief Period of Postnatal Visual Deprivation Alters the Balance between Auditory and Visual Attention. Curr. Boil. 2016, 26, 3101–3105. [Google Scholar] [CrossRef]

	



Ross-Sheehy, S.; Perone, S.; Macek, K.L.; Eschman, B. Visual orienting and attention deficits in 5- and 10-month-old preterm infants. Infant Behav. Dev. 2017, 46, 80–90. [Google Scholar] [CrossRef]

	



Rose, S.A.; Feldman, J.F.; Jankowski, J.J.; Rossem, R. Pathways from Prematurity and Infant Abilities to Later Cognition. Child Dev. 2005, 76, 1172–1184. [Google Scholar] [CrossRef]

	



Rose, S.A.; Feldman, J.F.; Jankowski, J.J. Attention and recognition memory in the 1st year of life: A longitudinal study of preterm and full-term infants. Dev. Psychol. 2001, 37, 135–151. [Google Scholar] [CrossRef] [PubMed]

	



Dutton, G.N. The spectrum of cerebral visual impairment as a sequel to premature birth: An overview. Doc. Ophthalmol. 2013, 127, 69–78. [Google Scholar] [CrossRef] [PubMed]

	



Leung, M.; Thompson, B.; Black, J.; Dai, S.; Alsweiler, J.M. The effects of preterm birth on visual development. Clin. Exp. Optom. 2017, 101, 4–12. [Google Scholar] [CrossRef]

	



Ricci, D.; Cesarini, L.; Gallini, F.; Serrao, F.; Leone, D.; Baranello, G.; Cota, F.; Pane, M.; Brogna, C.; De Rose, P.; et al. Cortical Visual Function in Preterm Infants in the First Year. J. Pediatr. 2010, 156, 550–555. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, M.H.; de Haan, M. Developmental Cognitive Neuroscience, 4th ed.; Blackwell Publishing: Hoboken, NJ, USA, 2015. [Google Scholar]

	



Tau, G.; Peterson, B.S. Normal Development of Brain Circuits. Neuropsychopharmacology 2009, 35, 147–168. [Google Scholar] [CrossRef]

	



Leigh, R.J.; Kennard, C. Using saccades as a research tool in the clinical neurosciences. Brain 2004, 127, 460–477. [Google Scholar] [CrossRef]

	



Sparks, D.L. The brainstem control of saccadic eye movements. Nat. Rev. Neurosci. 2002, 3, 952–964. [Google Scholar] [CrossRef]

	



Knickmeyer, R.C.; Gouttard, S.; Kang, C.; Evans, D.; Wilber, K.; Smith, J.K.; Hamer, R.M.; Lin, W.; Gerig, G.; Gilmore, J.H. A structural MRI study of human brain development from birth to 2 years. J. Neurosci. 2008, 28, 12176–12182. [Google Scholar] [CrossRef]

	



Otero-Millan, J.; Optican, L.M.; Macknik, S.L.; Martinez-Conde, S. Modeling the Triggering of Saccades, Microsaccades, and Saccadic Intrusions. Front. Neurol. 2018, 9. [Google Scholar] [CrossRef]

	



Hafed, Z.M.; Clark, J.J. Microsaccades as an overt measure of covert attention shifts. Vis. Res. 2002, 42, 2533–2545. [Google Scholar] [CrossRef]

	



Koch, C.; Ullman, S. Shifts in selective visual attention: Towards the underlying neural circuitry. Hum. Neurobiol. 1985, 4, 219–227. [Google Scholar] [PubMed]

	



Banks, M.S.; Salapatek, P. Infant pattern vision: A new approach based on the contrast sensitivity function. J. Exp. Child Psychol. 1981, 31, 1–45. [Google Scholar] [CrossRef]

	



Canfield, R.L.; Smith, E.G.; Brezsnyak, M.P.; Snow, K.L.; Aslin, R.N.; Haith, M.M.; Wass, T.S.; Adler, S.A. Information Processing Through the First Year of Life: A Longitudinal Study Using the Visual Expectation Paradigm. Monogr. Soc. Res. Child Dev. 1997, 62. [Google Scholar] [CrossRef]

	



Skoczenski, A.M.; Norcia, A.M. Neural noise limitations on infant visual sensitivity. Nature 1998, 391, 697–700. [Google Scholar] [CrossRef] [PubMed]

	



Banks, M.S.; Bennett, P.J. Optical and photoreceptor immaturities limit the spatial and chromatic vision of human neonates. J. Opt. Soc. Am. A 1988, 5, 2059–2079. Available online: http://www.ncbi.nlm.nih.gov/pubmed/3068345 (accessed on 11 June 2019). [CrossRef]

	



Gould, J.F.; Colombo, J.; Collins, C.T.; Makrides, M.; Hewawasam, E.; Smithers, L.G. Assessing whether early attention of very preterm infants can be improved by an omega-3 long-chain polyunsaturated fatty acid intervention: A follow-up of a randomised controlled trial. BMJ Open 2018, 8, e020043. [Google Scholar] [CrossRef] [PubMed]

	



Hood, B.M.; Atkinson, J. Disengaging visual attention in the infant and adult. Infant Behav. Dev. 1993, 16, 405–422. [Google Scholar] [CrossRef]

	



Matsuzawa, M.; Shimojo, S. Infants’ fast saccades in the gap paradigm and development of visual attention. Infant Behav. Dev. 1997, 20, 449–455. [Google Scholar] [CrossRef]

	



Csibra, G.; Tucker, L.; Johnson, S. Neural correlates of saccade planning in infants: A high-density ERP study. Int. J. Psychophysiol. 1998, 29, 201–215. [Google Scholar] [CrossRef]

	



Kulke, L.V.; Atkinson, J.; Braddick, O. Neural Differences between Covert and Overt Attention Studied using EEG with Simultaneous Remote Eye Tracking. Front. Hum. Neurosci. 2016, 10. [Google Scholar] [CrossRef]

	



Prado, E.L.; Maleta, K.; Caswell, B.L.; George, M.; Oakes, L.M.; DeBolt, M.C.; Bragg, M.G.; Arnold, C.D.; Iannotti, L.L.; Lutter, C.K.; et al. Early Child Development Outcomes of a Randomized Trial Providing 1 Egg Per Day to Children Age 6 to 15 Months in Malawi. J. Nutr. 2020. [Google Scholar] [CrossRef]

	



Kulke, L.V.; Atkinson, J.; Braddick, O. Neural mechanisms of attention become more specialised during infancy: Insights from combined eye tracking and EEG. Dev. Psychobiol. 2016, 59, 250–260. [Google Scholar] [CrossRef] [PubMed]

	



Colombo, J.; Mitchell, D.W.; Horowitz, F.D. Infant visual attention in the paired-comparison paradigm: Test-retest and attention-performance relations. Child Dev. 1988, 59, 1198–1210. [Google Scholar] [CrossRef] [PubMed]

	



Bornstein, M.H.; Brown, E.; Slater, A. Patterns of stability and continuity in attention across early infancy. J. Reprod. Infant Psychol. 1996, 14, 195–206. [Google Scholar] [CrossRef]

	



Colombo, J.; Fagen, J.W. Individual Differences in Infancy: Reliability, Stability, Prediction; Lawrence Erlbaum Associates, Inc.: Hillsdale, NJ, USA, 1990. [Google Scholar]

	



Abelkop, B.S.; Frick, J.E. Cross-Task Stability in Infant Attention: New Perspectives Using the Still-Face Procedure. Infancy 2003, 4, 567–588. [Google Scholar] [CrossRef]

	



Wass, S.; Forssman, L.; Leppänen, J. Robustness and Precision: How Data Quality May Influence Key Dependent Variables in Infant Eye-Tracker Analyses. Infancy 2014, 19, 427–460. [Google Scholar] [CrossRef]

	



Olsen, A. The tobii i-vt fixation filter. Tobii Technol. 2012. [Google Scholar]

	



Muthén, L.K.; Muthén, B.O. Mplus User’s Guide (1998-2017), 8th ed.; Muthén & Muthén: Los Angeles, CA, USA, 2017. [Google Scholar]

	



Hallquist, M.N.; Wiley, J.F. MplusAutomation: An R Package for Facilitating Large-Scale Latent Variable Analyses in Mplus. Struct. Equ. Model. A Multidiscip. J. 2018, 25, 621–638. [Google Scholar] [CrossRef]

	



Little, T.D.; Jorgensen, T.D.; Lang, K.M.; Moore, E.W.G. On the Joys of Missing Data. J. Pediatr. Psychol. 2013, 39, 151–162. [Google Scholar] [CrossRef]

	



Ferguson, S.L.; Moore, E.W.G.; Hull, D.M. Finding latent groups in observed data: A primer on latent profile analysis in Mplus for applied researchers. Int. J. Behav. Dev. 2019. [Google Scholar] [CrossRef]

	



Berlin, K.S.; Williams, N.A.; Parra, G.R. An Introduction to Latent Variable Mixture Modeling (Part 1): Overview and Cross-Sectional Latent Class and Latent Profile Analyses. J. Pediatr. Psychol. 2013, 39, 174–187. [Google Scholar] [CrossRef] [PubMed]

	



Tein, J.-Y.; Coxe, S.; Cham, H. Statistical Power to Detect the Correct Number of Classes in Latent Profile Analysis. Struct. Equ. Model. A Multidiscip. J. 2013, 20, 640–657. [Google Scholar] [CrossRef] [PubMed]

	



Nylund, K.L.; Asparouhov, T.; Muthén, B.O. Deciding on the Number of Classes in Latent Class Analysis and Growth Mixture Modeling: A Monte Carlo Simulation Study. Struct. Equ. Model. A Multidiscip. J. 2007, 14, 535–569. [Google Scholar] [CrossRef]

	



Ross-Sheehy, S.; Eschman, B. Assessing visual STM in infants and adults: Eye movements and pupil dynamics reflect memory maintenance. Vis. Cogn. 2019, 27, 78–92. [Google Scholar] [CrossRef]

	



Schmidt, B.K.; Vogel, E.K.; Woodman, G.F.; Luck, S.J. Voluntary and automatic attentional control of visual working memory. Percept. Psychophys. 2002, 64, 754–763. [Google Scholar] [CrossRef] [PubMed]

	



Robison, M.K.; Unsworth, N. Pupillometry tracks fluctuations in working memory performance. Attention, Perception, Psychophys. 2018, 81, 407–419. [Google Scholar] [CrossRef] [PubMed]

	



Atkinson, J.; Braddick, O.; Anker, S.; Nardini, M.; Birtles, D.; Rutherford, M.; Mercuri, E.; Dyet, L.E.; Edwards, A.D.; Cowan, F. Cortical vision, MRI and developmental outcome in preterm infants. Arch. Dis. Child Fetal Neonatal Ed. 2007, 93, F292–F297. [Google Scholar] [CrossRef]

	



Holmboe, K.; Fearon, R.P.; Csibra, G.; Tucker, L.; Johnson, S. Freeze-Frame: A new infant inhibition task and its relation to frontal cortex tasks during infancy and early childhood. J. Exp. Child Psychol. 2008, 100, 89–114. [Google Scholar] [CrossRef]

	



Fanari, R.; Meloni, C.; Massidda, D. Visual and Spatial Working Memory Abilities Predict Early Math Skills: A Longitudinal Study. Front. Psychol. 2019, 10. [Google Scholar] [CrossRef]

	



Bull, R.; Espy, K.A.; Wiebe, S.A. Short-Term Memory, Working Memory, and Executive Functioning in Preschoolers: Longitudinal Predictors of Mathematical Achievement at Age 7 Years. Dev. Neuropsychol. 2008, 33, 205–228. [Google Scholar] [CrossRef]

	



Kail, R.V. Longitudinal Evidence That Increases in Processing Speed and Working Memory Enhance Children’s Reasoning. Psychol. Sci. 2007, 18, 312–313. [Google Scholar] [CrossRef] [PubMed]

	



Oakes, L.M.; Ross-Sheehy, S.; Luck, S.J. Rapid Development of Feature Binding in Visual Short-Term Memory. Psychol. Sci. 2006, 17, 781–787. [Google Scholar] [CrossRef] [PubMed]

	



Ross-Sheehy, S.; Oakes, L.M.; Luck, S.J. The Development of Visual Short-Term Memory Capacity in Infants. Child Dev. 2003, 74, 1807–1822. [Google Scholar] [CrossRef] [PubMed]

	



Raghubar, K.P.; Barnes, M.A.; Hecht, S.A. Working memory and mathematics: A review of developmental, individual difference, and cognitive approaches. Learn. Individ. Differ. 2010, 20, 110–122. [Google Scholar] [CrossRef]

	



Kibbe, M.M. Varieties of Visual Working Memory Representation in Infancy and Beyond. Curr. Dir. Psychol. Sci. 2015, 24, 433–439. [Google Scholar] [CrossRef]

	



Wass, S. Applying cognitive training to target executive functions during early development. Child Neuropsychol. 2015, 21, 150–166. [Google Scholar] [CrossRef]

	



Rose, S.A.; Feldman, J.F.; Jankowski, J.J. Implications of Infant Cognition for Executive Functions at Age 11. Psychol. Sci. 2012, 23, 1345–1355. [Google Scholar] [CrossRef]

	



Ross-Sheehy, S.; Eschman, B.; Reynolds, E. Looking within a look: Bottom-up and top-down influences on infant saccade and fixation dynamics during naturalistic viewing. Unpublished work. 2020. [Google Scholar]

	



Johnson, K.A.; Robertson, I.H.; Barry, E.; Mulligan, A.; Dáibhis, A.; Daly, M.; Watchorn, A.; Gill, M.; Bellgrove, M.A. Impaired conflict resolution and alerting in children with ADHD: Evidence from the Attention Network Task (ANT). J. Child Psychol. Psychiatry 2008, 49, 1339–1347. [Google Scholar] [CrossRef]

	



Visser, S.N.; Danielson, M.L.; Bitsko, R.H.; Holbrook, J.R.; Kogan, M.D.; Ghandour, R.M.; Perou, R.; Blumberg, S.J. Trends in the parent-report of health care provider-diagnosed and medicated attention-deficit/hyperactivity disorder: United States, 2003–2011. J. Am. Acad. Child Adolesc. Psychiatry 2013, 53, 34–46. [Google Scholar] [CrossRef]








[image: Brainsci 10 00605 g001 550] 





Figure 1. Experimental and control conditions from the Infant Orienting with Attention (IOWA) Task [1]. 
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Figure 2. Raw saccadic reaction time (SRT) data (a) and percent correct (b) by age. Error bars represent +/− SEM. 
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Figure 3. Frequency histograms for Models 2–4 as a function of latent profile group. Percent counts in color overaII means in light grey. The four IOWA task performance variables include task error (Error), saccadic reaction time (SRT), cue facilitation (Facilitation), and cue interference (Interference). Posterior probabilities for classification (Prob) indicated to the left or each group. 
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Figure 4. Fitted growth trajectories by age, attention score, and latent profile. Linear mixed-effects (LME) models based on age and phenotype (model 2) accounted for significantly more variance than age-only models (model 1) for four attention scores: Cue facilitation (a), cue interference (b), mean SRT (d), and task error (e) all p < 0.001. In contrast, model 2 did not differ from model 1 for either cue competition (c) or baseline error (f). Grey shading indicates 95% confidence interval. 
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Figure 5. Example of a set size 3-change trial. No change trials were identical to change trials with two exceptions: First, the test array matched the sample array, and second, the test array was followed by a 2000 ms blank interval rather than a musical reward animation. 
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Figure 6. Mean look duration (a) and switch count (b) as a function of attention phenotype. CI: confidence interval. 
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Figure 7. Mean total looking (a) and switch count (b) during the test array as a function of attention phenotype, change status and set size. 
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Table 1. 11-month-old latent profile analysis (LPA) model fits. Note: n = 111. The LMR test compares the current model to a model with k-1 profiles. LogLik = log likelihood; AIC = Akaike information criterion; BIC = Bayesian information criterion; LMR = Lo-Mendell Ruben likelihood ratio test.






Table 1. 11-month-old latent profile analysis (LPA) model fits. Note: n = 111. The LMR test compares the current model to a model with k-1 profiles. LogLik = log likelihood; AIC = Akaike information criterion; BIC = Bayesian information criterion; LMR = Lo-Mendell Ruben likelihood ratio test.















	Model
	Profile Count (k)
	logLik
	AIC
	BIC
	Entropy
	Smallest Profile (%)
	LMR (p-Value)





	m1
	1
	−31.19
	87.38
	119.53
	
	
	



	m2
	2
	16.44
	4913
	56.94
	0.854
	38.7/61.3
	<0.000



	m3
	3
	42.62
	−32.24
	38.24
	0.892
	5.4/55
	0.306



	m4
	4
	65.52
	−64.04
	24.11
	0.909
	5.4/49.6
	0.358



	m5
	5
	80.93
	−80.87
	27.94
	0.896
	4.5/46.9
	0.223
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Table 2. Attention score means and standard deviations by phenotype and age.
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High Flexible

	
High Reactive

	
Low Reactive




	

	

	
Mean

	
SD

	
Mean

	
SD

	
Mean

	
SD






	
5 mos

	
Cue Facilitation

	
0.356

	
(0.307)

	
0.449

	
(0.502)

	
0.248

	
(0.252)




	

	
Cue Interference

	
0.068

	
(0.699)

	
0.618

	
(0.326)

	
0.175

	
(0.291)




	

	
Cue Competition

	
0.135

	
(0.350)

	
−0.060

	
(0.410)

	
0.196

	
(0.168)




	

	
Baseline Error

	
0.065

	
(0.070)

	
0.091

	
(0.053)

	
0.062

	
(0.066)




	

	
Task Error

	
0.411

	
(0.157)

	
0.611

	
(0.152)

	
0.283

	
(0.201)




	

	
Mean SRT

	
283.787

	
(77.912)

	
259.137

	
(89.947)

	
310.570

	
(69.786)




	
8 mos

	
Cue Facilitation

	
0.581

	
(0.321)

	
0.563

	
(0.187)

	
0.315

	
(0.365)




	

	
Cue Interference

	
0.328

	
(0.865)

	
0.705

	
(0.599)

	
0.223

	
(0.308)




	

	
Cue Competition

	
0.283

	
(0.208)

	
0.730

	
(0.782)

	
0.202

	
(0.239)




	

	
Baseline Error

	
0.062

	
(0.067)

	
0.030

	
(0.026)

	
0.047

	
(0.058)




	

	
Task Error

	
0.544

	
(0.118)

	
0.586

	
(0.143)

	
0.361

	
(0.213)




	

	
Mean SRT

	
243.302

	
(59.068)

	
267.673

	
(110.289)

	
314.393

	
(106.944)




	
11 mos

	
Cue Facilitation

	
0.725

	
(0.297)

	
0.756

	
(0.256)

	
0.318

	
(0.160)




	

	
Cue Interference

	
−0.013

	
(0.386)

	
1.725

	
(0.568)

	
0.160

	
(0.327)




	

	
Cue Competition

	
0.328

	
(0.292)

	
0.267

	
(0.250)

	
0.254

	
(0.200)




	

	
Baseline Error

	
0.066

	
(0.053)

	
0.059

	
(0.075)

	
0.042

	
(0.043)




	

	
Task Error

	
0.593

	
(0.087)

	
0.641

	
(0.062)

	
0.321

	
(0.128)




	

	
Mean SRT

	
204.490

	
(38.350)

	
283.817

	
(32.826)

	
310.912

	
(72.211)
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Table 3. Linear mixed effects (LME) and conditional growth curve analysis for the high flexible and high reactive profiles compared to the low reactive profile.
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	Cue Facilitation
	Cue Interference
	Cue Competition
	Baseline Error
	Task Error
	Mean SRT





	Age
	0.029
	−0.016
	0.03
	−0.01
	0.01
	0.677



	
	(−0.039)
	(−0.078)
	(−0.038)
	(−0.008)
	(−0.017)
	(−8.752)



	High Flexible
	−0.055
	0.016
	−0.1
	−0.004
	0.037
	13.147



	
	(−0.117)
	(−0.235)
	(−0.115)
	(−0.024)
	(−0.055)
	(−26.936)



	High Reactive
	0.034
	−0.309
	−0.179
	0.017
	0.267 *
	−63.875



	
	(−0.231)
	(−0.516)
	(−0.227)
	(−0.047)
	(−0.107)
	(−52.898)



	Age*High Flex.
	0.155 **
	−0.039
	0.063
	0.01
	0.078 ***
	−40.032 ***



	
	(−0.048)
	(−0.098)
	(−0.048)
	(−0.01)
	(−0.022)
	(−10.835)



	Age*High React.
	0.13
	0.601 **
	0.104
	−0.003
	0.011
	12.373



	
	(−0.097)
	(−0.212)
	(−0.097)
	(−0.019)
	(−0.043)
	(−21.812)



	Constant
	0.238 *
	0.219
	0.164
	0.070 ***
	0.301 ***
	309.477 ***



	
	(−0.097)
	(−0.192)
	(−0.094)
	(−0.02)
	(−0.045)
	(−22.173)



	Observations
	240
	224
	240
	240
	240
	240



	logLik
	−38.277
	−186.163
	−29.951
	344.025
	141.288
	−1344.52



	AIC
	92.553
	388.327
	75.901
	−672.051
	−266.576
	2705.04



	BIC
	120.398
	415.62
	103.746
	−644.206
	−238.731
	2732.89







Note: * p < 0.05; ** p < 0.01; *** p < 0.001.
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Table 4. Comparison of time-only baseline model (m1) versus model containing main effects and time interactions for the latent profiles (m2).
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Attention Score

	
Model

	
df

	
AIC

	
BIC

	
logLik

	
Test

	
L. Ratio

	
p-Value






	
Cue Facilitation

	
m1

	
4

	
139.56

	
153.48

	
−65.78

	

	

	




	
m2

	
8

	
92.55

	
120.40

	
−38.28

	
1 vs. 2

	
55.01

	
<0.001




	
Cue Interference

	
m1

	
4

	
426.39

	
440.04

	
−209.20

	

	

	




	
m2

	
8

	
388.33

	
415.62

	
−186.16

	
1 vs. 2

	
46.07

	
<0.001




	
Task Error

	
m1

	
4

	
−181.52

	
−167.60

	
94.76

	

	

	




	
m2

	
8

	
−266.58

	
−238.73

	
141.29

	
1 vs. 2

	
93.06

	
<0.001




	
Mean SRT

	
m1

	
4

	
2762.47

	
2776.40

	
−1377.24

	

	

	




	
m2

	
8

	
2705.04

	
2732.89

	
−1344.52

	
1 vs. 2

	
65.43

	
<0.001




	
Cue Competition

	
m1

	
4

	
71.47

	
85.39

	
−31.73

	

	

	




	
m2

	
8

	
75.90

	
103.75

	
−29.95

	
1 vs. 2

	
3.57

	
0.468




	
Baseline Error

	
m1

	
4

	
−674.80

	
−660.88

	
341.40

	

	

	




	
m2

	
8

	
−672.05

	
−644.21

	
344.03

	
1 vs. 2

	
5.25

	
0.263












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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