
our analyses on hit rates to the two potential targets as our main measure of successful 

search (Kaldy et al., 2011), and fixation durations to the two potential targets as our 

measure of task understanding. Classic visual search paradigms measure reaction time in 

target-present vs. target-absent trials and the efficiency of the search is measured as the 

slope of the function relating RT and set size (Treisman & Gelade, 1980; Wolfe & 

Horowitz, 2004, 2017). In the current version of the task set size was not varied, thus we 

did not expect fixation latency (time-to-target) to be influenced by our manipulations.  

Data were assessed for violations of assumptions of normality and sphericity. 

Degrees of freedom were corrected using Huynh-Feldt estimates of sphericity when 

appropriate. All post-hoc tests were Bonferroni corrected. 

Figure 14. Experiment 3 areas of interest. Areas of interest are outlined in red. Heat map 

of total fixation duration to the search array items during a Familiarization trial (top left), 

a Training trial (top right), and a Baseline trial (bottom center) for a single TD participant. 
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Results 

Training phase 

To determine whether toddlers looked at the TR more frequently than a distractor, 

hit rates were assessed via a 2 (Group: ASD vs. TD) × 2 (Item type: TR vs. Distractor) 

mixed ANOVA. Results showed a main effect of Item type (F(1, 57) = 328.344, p < .001, 

! = .853); a main effect of Group (F(1,57) = 4.319, p = .042, !  = .070); and no 

interaction between Group and Item type (F(1,57) = .152, p > .05,  = .067). TR hit rate 

(87.57%) was higher than distractor hit rate (34.22%). The percentage of items visited 

over the search period was lower for toddlers with ASD (56.5%) than toddlers with TD 

(63.9%) (see Figure 15a). 

To determine whether toddlers preferentially attended to the TR and successfully 

followed the nonverbal instructions of our procedure, fixation durations were assessed via 

a 2 (Group: ASD vs. TD) × 2 (Item type: TR vs. Distractor) mixed ANOVA. Results 

showed a main effect of Item type (F(1, 57) = 39.233, p < .001, ! = .408); no main effect 

of Group (F(1,57) = .196, p > .05, !  = .003); and no interaction between Group and Item 

type (F(1,57) = .342, p > .05,  = .006). On average, the TR was fixated longer (829 ms) 

than a distractor (524 ms) (see Figure 15b). 

Attentional set-shifting 

To compare the frequency with which toddlers looked at the TR before and after a 

target-switch, hit rates were assessed via a 2 (Group: ASD vs. TD) × 3 (Item type: TR vs. 
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TIR vs. Distractor) x 3 (Phase: Baseline vs. Switch-1 vs. Switch-2) mixed ANOVA. 

Results showed a significant main effect of Item type (F(1.746, 99.511) = 29.188, p < .

001, ! = .339); and a main effect of Phase (F(2, 114) = 6.329, p = .002, !  = .100); but no 

significant main effect of Group (F(1, 57) = 1.177, p > .05, !  = .020) and no significant 

interaction effects (all Fs ≤ 1.419, ps ≥ .239, !  ≤ .024). Post-hoc tests were conducted to 

further explore the main effects of Item type and Phase. TR hit rate was higher than TIR hit 

rate (p < .001, d = .834) and higher than distractor hit rate (p = .024, d = .359). TIR hit rate 

was lower than distractor hit rate (p < .001, d = .794). Fixation rates (percentage of all 

items visited) did not change from Baseline to Switch-1 (p > .05, d = .074), but were 

lower during Switch-2 compared to Baseline (p = .023, d = .360) (see Figure 15a). 

To determine whether toddlers preferentially attended to the TR across the three 

phases of the study, fixation durations were assessed via a 2 (Group: ASD vs. TD) × 3 

(Item type: TR vs. TIR vs. Distractor) x 3 (Phase: Baseline vs. Switch-1 vs. Switch-2) 

mixed ANOVA. Results showed a main effect of Item type (F(1.619, 92.280) = 19.206, p 

< .001, ! = .252); no main effect of Phase (F(1.847, 105.273) = .825, p > .05, !  = .014); 

and no main effect of Group (F(1, 57) = .147, p > .05, !  = .003). There was a significant 

interaction between Item type and Phase (F(3.763, 214.486) = 3.177, p = .017, !  = .053) 

and all other interaction effects were non-significant (all Fs ≤ 1.249, ps ≥ .284, !  ≤ .

021).  
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Post-hoc tests were conducted to further explore the interaction effect. First, we 

compared Item type across Phases. TR fixation duration was not significantly different at 

Baseline compared to Switch-1 (p > .05, d = .263) or Switch-2 (p > .05, d = .032). TIR 

fixation duration was shorter at Baseline compared to Switch-1 (p = .029, d = .349) and 

not significantly different at Baseline compared to Switch-2 (p > .05, d = .208). Average 

distractor fixation duration was not significantly different across phases (all ps ≥ .505, d ≤ 

.179). Then, we compared Item type within each phase. At Baseline, the TR was fixated 

longer than the TIR  (p < .001, d = .657) and distractors (p = .001, d = .536). It is 

important to note that during Baseline, the TIR was not previously relevant and so was 

equivalent to a regular distractor in this respect. At Baseline, the TIR fixation duration was 

also not different from that of distractors (p > .05, d = .251). At Switch-1, the TR fixation 

duration was not different from TIR fixation duration (p > .05, d = .112) or that of 

distractors (p > .05, d = .256), and TIR fixation duration was not different from that of 

distractors (p > .05, d = .151). At Switch-2, the TR was fixated longer than the TIR (p = .

003, d = .458) and distractors (p = .008, d = .412). TIR fixation duration was not different 

from distractors (p > .05, d = .077) (see Figure 15b). 

Finally, we report the results from our fixation latency analysis (see Figure 16). 

There was a main effect of Target type, F(1, 57) = 4.255, p = .044, !  = .069; no main 

effect of Phase, F(2, 114) = .121, p = .886, !   = .002; no main effect of Group, F(1, 57) 

= .084, p = .773, !  = .001; and an interaction between Target type and Phase, F(2, 114) = 
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4.810, p = .010, !  = .078. All other interaction effects were non-significant, all F ≤ 

2.055, p  ≥ .133, !  ≤ .035. Post-hoc testing (Bonferroni) revealed no significant 

difference between average fixation latency to the TR and the TIR at Baseline, p = .531, 

or at Switch-1, p = .930. At Switch-2, average fixation latency to the TR was shorter than 

average fixation latency to the TIR, p < .001. 
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Figure 15. Experiment 3 hit rates (a) and average fixation durations (b) for the TR, the 

TIR, and Distractors. Bars are 1 standard error. 
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Figure 16. Experiment 3 fixation latency for the TR and the TIR. Bars are 1 standard error. 

Relations with participant characteristics  

Although our two groups of toddlers were age-matched (see Table 3), their age 

range spanned 22 months. Thus, we tested whether the developmental trajectory of 

attentional set-shifting differed between toddlers with ASD and TD. We also tested 

whether performance on our task was related to mental age and ASD symptom severity. 

For each participant, we computed their ‘switch cost’ (SC) following each of the two 

target switches by calculating the change in performance related to TR. We subtracted 

performance at Baseline from Switch-1 performance (SC-1), and Baseline from Switch-2 

performance (SC-2). Thus a negative score indicated a decrease in performance (i.e., a 

greater switch cost). For each group, Pearson’s correlations were computed between Age 
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(in days), MSEL sub-scale T-scores (Visual Receptive, Fine Motor, Receptive Language, 

Expressive Language), ADOS-2 CSS scores (Social Affect, Restricted Repetitive 

Behavior, Total; ASD group only) and switch cost scores (Table 4). The strength of the 

relationships in the two groups was compared using Fisher’s z-transformation. For 

toddlers with ASD, there was a negative relationship between Age and fixation duration 

SC-1, r = - .371, p = .047 (Figure 17a). There was also a positive relationship between 

Expressive Language and fixation duration SC-1 in the ASD group, r = .439, p = .025 

(Figure 17b). For the toddlers with TD, Visual Reception was positively related to hit rate 

SC-2, r = .542, p = .002, and fixation duration SC-2, r = .478, p =.009, and Receptive 

Language to fixation duration SC-2, r = .472, p = .010. None of our experimental 

measures were related to clinical symptoms in the ASD group. 
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Table 4. Pearson’s correlations between switch cost and participant characteristics. 

Note. Switch cost (SC) was defined for the change in performance for the TR following 

each of the two target switches. We subtracted performance at Baseline from Switch-1 

performance (SC-1), and Baseline from Switch-2 performance (SC-2). * Correlation is 

significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-

tailed). Fischer r-to-z transformation was conducted to test the significance of the 

difference between group correlation coefficients. Significant comparisons at the 0.05 

level are underlined (2-tailed). a Age in days. b MSEL Visual Receptive. c MSEL Fine 

Motor. d MSEL Receptive Language. e MSEL Expressive Language. f ADOS-2 Social 

Affect domain Calibrated Severity Score. g ADOS-2 Restricted, Repetitive Behavior 

domain Calibrated Severity Score. h ADOS-2 Total Calibrated Severity Score. 

 Hit rate Fixation duration 

 SC-1 SC-2 SC-1 SC-2

 ASD TD ASD TD ASD TD ASD TD

Agea -0.9 0.041 0.01 0.031 -.371* -0.074 -0.261 0.01

VRb 0.106 0.232 0.046 .542** 0.276 0.119 -0.19 .478**

FMc 0.005 0.041 0.009 .-130 0.26 -0.04 0.131 -0.054

RLd -0.206 0.12 -0.131 .472** 0.176 0.02 -0.248 0.097

ELe -0.214 0.096 -0.198 0.267 .439* 0.072 -0.18 0.184

SAf 0.127  -0.112  -0.024  0.145  

RRBg -0.037  -0.037  -0.198  -0.111  

CSSh -0.089  -0.089  -0.067  0.107  
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Figure 17. Relations between participant characteristics and SC-1 fixation duration in 

Experiment 3. 

Discussion 

Here, we employed a novel nonverbal eye-tracking visual search paradigm to test 

attentional set-shifting in very young toddlers with and without ASD. Contrary to the 

findings from studies with preschool-age children (e.g., McEvoy et al., 1993; Pellicano et 

al., 2017), we found no evidence of impaired attentional set-shifting in ASD at this age.  
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In our experiment, toddlers were tasked with searching for one of two potentially 

relevant targets using nonverbal cues and switching this rule. At Baseline, both groups of 

toddlers found the TR more often, and fixated it longer, than the TIR. Importantly, 

following the first target switch, both groups of toddlers found the TR more often than the 

TIR, although neither group fixated the TR significantly longer than the TIR. Following the 

second target switch, both groups of toddlers found the TR more often, and fixated it 

longer, than the TIR. In short, both groups could switch targets, and the performance of 

toddlers with ASD did not differ from age-matched TD controls. The lack of a 

performance difference between our groups is striking, given that the toddlers with ASD 

in our sample had significantly lower mental age than our age-matched controls (ELC: 

ASD: M = 64.77, SD = 12.84; TD: M = 107.41, SD = 15.60, p < .001, d = 2.984) and had 

moderate-to-severe ASD symptoms.  

We also explored whether attentional set-shifting performance was related to 

participant characteristics. None of our experimental measures were related to clinical 

symptoms in ASD. However, for toddlers with ASD, there was a significant relationship 

between chronological age and switch cost at the first switch: that is, older toddlers with 

ASD demonstrated a greater switch cost. This trend of emergence is consistent with the 

existing literature on executive control deficits being present in ASD in the preschool 

period. There was also a positive relationship between expressive language ability and 

switch cost at the first switch, revealing that toddlers with weaker language skills 

demonstrated a greater switch cost. However, given these relationships were specific to 
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the fixation duration measure, we believe it would be premature to draw any strong 

conclusions from these findings.  

Behavioral inflexibility is a central feature of ASD and is a major barrier to social 

interaction and learning. To date, investigations of set-shifting in ASD have yielded 

inconsistent findings. Studies employing complex attentional set-shifting paradigms 

(such as the DCCS) have suggested that the development of this ability is already delayed 

in early childhood, whereas studies with simple response set-shifting have suggested 

deficits are later emerging and thus secondary to the development of core symptoms of 

ASD. As our task was a feature-conjunction search, to perform well, toddlers needed to 

maintain an attentional set that included the relevant target features (e.g., green/apple), 

and update it following a target switch (e.g., orange/carrot). Toddlers were not 

“instructed” to ignore the previous but now irrelevant target. Thus, we can conclude that 

when the verbal and inhibitory control demands of a task are low, young toddlers with 

ASD do not exhibit an impairment in attentional set-shifting. 

How might we reconcile the findings from the current study with our knowledge 

of the development of brain mechanisms underlying attentional set-shifting? In the 

typical adult brain, successful set-shifting is dependent on a fronto-parietal central 

executive network, which consists of the ventrolateral prefrontal cortex, inferior frontal 

cortex, posterior parietal cortex, anterior insula, and the anterior cingulate cortex (Cole & 

Schneider, 2007; Dajani & Uddin, 2015; Duncan, 2010). In young TD children, fNIRS 

studies have found that differences in the activation of the prefrontal cortex (Moriguchi & 
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Hiraki, 2013) and interactions between frontal and posterior parietal regions (Buss & 

Spencer, 2017) mediate successful set-shifting. 

While the neural mechanisms of attentional set-shifting in young children with 

and without ASD has yet to be contrasted, recent evidence suggests atypical functional 

connectivity of the dorsal and ventral attention networks from infancy to adolescence in 

ASD (Elison et al., 2013; Farrant & Uddin, 2016; Keehn et al., 2013). Selective attention 

is essential for successful set-shifting and future research should examine how the early 

development of this system affects executive control in ASD. 

Our findings extend the developmental executive control literature in two 

important ways. First, we introduced a novel eye-tracking task to measure attentional set-

shifting performance that can be used with children under 3 years of age. To date, the 

youngest age at which attentional set-shifting has been studied in TD toddlers, using 

verbal instructions, was at 30 months (Blakey & Carroll, 2017; Blakey et al., 2016). Our 

task does not require verbal instructions or response, reducing the effect of verbal fluency 

on performance, and making it ideal for studying young or atypically developing 

populations. Furthermore, our paradigm is based on gaze behavior. Previous research has 

shown that eye-tracking is a sensitive measure of attentional differences between children 

with and without ASD (Guillon, Hadjikhani, Baduel, & Roge, 2014; Karatekin, 2007). To 

date, the use of eye-tracking to study attentional set-shifting has been limited to older TD 

children and adults (Chevalier, Blaye, Dufau, & Lucenet, 2010; Chevalier et al., 2017). 
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Second, in this novel paradigm with low task demands, both children with TD and ASD 

showed successful attentional set-shifting at 2 years of age. 

It is remarkable that toddlers with ASD performed as well as the age-matched TD 

controls in our task, given the substantial difference in cognitive developmental level. 

That said, we did not see a significant ‘ASD advantage’ in visual search during Baseline 

as expected from prior work (Kaldy, et al., 2013) and in contrast to findings with a 

similar paradigm (Kaldy et al., 2011). To ensure the search array items were equally 

perceptually salient, we rendered all items nominally isoluminant to each other and the 

background (thus, only hue differences remained between the items). Attention to color 

(hue) differences has been shown to be impaired in children with ASD (Franklin et al., 

2010; Franklin, Sowden, Burley, Notman, & Alder, 2008). Thus one possible explanation 

for the lack of an ASD advantage here is that the current stimulus parameters, where 

color (hue) information was more critical, affected the search strategies of our toddlers 

with ASD more so than toddlers with TD. 

Attentional set-shifting is necessary for many higher-order cognitive tasks, and 

our study represents the first step in studying it in young toddlers with typical and 

atypical development. In a novel paradigm with low task demands, at 2 years of age, both 

typically developing toddlers and those diagnosed with ASD demonstrated this crucial 

executive control ability. Our findings suggest that despite clear problems with behavioral 

flexibility, deficits in attentional set-shifting are not a central feature of ASD at the 

earliest age the condition can be diagnosed.  
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CHAPTER 4 

GENERAL DISCUSSION 

Attention is essential for efficient information processing and fundamental in 

shaping our experience of the world. For the developing mind, the link between attention 

and experience is key: attention alters what children experience and learn about their 

world thereby shaping cognitive development (Colombo, 2001; Ruff & Rothbart, 2001).  

Attentional differences have long been associated with ASD and are increasingly 

being implicated in the etiology of the disorder (M. H. Johnson et al., 2015; Keehn et al., 

2013). Furthermore, attentional differences appear to be extensive in ASD (Ames & 

Fletcher-Watson, 2010) and attentional differences in the first year of life are one of the 

earliest behavioral indications of an ASD diagnosis in early childhood (Elsabbagh & 

Johnson, 2016; M. H. Johnson et al., 2015; Osterling & Dawson, 1994). Research into the 

typical and atypical development of attention during the toddler period has been limited 

by methodological constraints: toddlers pose a measurement problem — too old for 

looking-based measures of attention that are regularly used with infants, yet too young to 

reliably follow verbal instructions or pay attention for long periods of time, as required 

by attention paradigms used with children or adults.  

!93



The goal of this thesis was to address this “toddler-gap” in our understanding of 

attention in typical development and ASD. Experiment 1 and Experiment 2 demonstrated 

that when selective attention is directed elsewhere, that is, in service of searching for a 

pre-defined target, attention to a novel task-irrelevant oddball may be atypical in toddlers 

with ASD depending on stimulus properties. In Experiment 1, there were no differences 

in how toddlers with ASD and TD toddlers attended to a novel onset oddball. However, 

in Experiment 2, TD toddlers appeared to prioritize the novel colored oddball to a greater 

extent than ASD toddlers. Experiment 3 demonstrated that attentional set-shifting in the 

context of visual search can be typical in toddlers with ASD. Together, these findings 

provide insight into and raise several interesting questions about the development of 

attention in ASD. Table 5 provides a summary of the fixation duration results. 

Table 5. Summary of fixation duration results from Experiment 1, 2, and 3. 

Phase Oddball Task relevance Novelty Fixation Duration

Exp. 1 Oddball novel onset irrelevant novel ASD = TD

Exp. 2 Oddball novel color irrelevant novel ASD < TD

Exp. 3 Baseline opposite feature-
conjunction

irrelevant novel ASD = TD

Exp. 3 Switch-1 opposite feature-
conjunction

previously 
relevant

old ASD = TD
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Selective attention in toddlers with ASD 

Selective attention in the real world involves the interaction of exogenous 

stimulus-driven and endogenous goal-driven control processes. Yet only a limited number 

of studies have investigated endogenous control in young children with ASD. Currently, 

our understanding of the development of selective attention in ASD has been informed 

primarily by tasks that measure exogenous orienting in ‘task-free’ passive viewing 

contexts (M. H. Johnson et al., 2015). The claim has been that selective attention is 

‘sticky’ — children with ASD show impairments in attentional disengagement as well as 

reduced exploration of visual scenes (Elsabbagh & Johnson, 2016; Sacrey et al., 2014). 

However, empirical evidence for this claim is mixed (Fischer et al., 2016, Robertson, et 

al., under review). In TD children, weak endogenous control of attention is believed to 

underlie increased distractibility (Rothbart & Posner, 2015). However, it may also ensure 

young children do not miss potentially important opportunities for learning about their 

world. In adults, attention is primarily controlled by endogenous factors (Bacon & Egeth, 

1994; Folk et al., 1992; Jonides & Yantis, 1988; Stoppel et al., 2013; Theeuwes, 2010) 

and thus information that is not within the attentional set is often ignored, even if this 

information is in fact relevant. 

The findings from Experiment 1 and Experiment 2 extend the selective attention 

literature in three important ways. First, when attention is goal-directed (in search of a 

pre-defined target), attentional modulation by a task-irrelevant novel stimulus depends on 

perceptual properties. Previous research has suggested attention to stimuli defined by a 
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novel onset is impaired in older children and adults with ASD (Greenaway & Plaisted, 

2005; Keehn & Joseph, 2008). However, in Experiment 1, we found that both groups of 

toddlers attended to the novel onset oddball and did so equally. The previous literature on 

attentional capture to task-relevant and task-irrelevant colored oddballs is more mixed. 

For example, Greenaway and Plaisted (2005) found that attentional modulation by a 

colored oddball when task-relevant (i.e., a valid cue) or task-irrelevant (i.e., a visual 

search distractor) was typical in older children with ASD. Keehn and others (Keehn et al., 

2016, 2017) found reduced attentional capture for both colored targets and distractors, 

regardless of task-relevance, in children with ASD. In Experiment 2 we found toddlers 

with ASD attended to the irrelevant colored oddball more than a regular distractor, 

suggesting they noted the oddball’s special status. However, relative to TD toddlers, the 

colored oddball item had a reduced attentional priority, suggesting attentional modulation 

by a unique color may be different in ASD.  

Secondly, we did not observe any evidence that children with ASD explored the 

search array differently from TD children: median fixation duration to a regular distractor 

was not significantly longer for toddlers with ASD relative to TD toddlers in either 

Experiment 1 or Experiment 2. When attention is actively recruited in service of an 

ongoing task, it seems that previously observed low-level differences in gaze patterns 

may no longer be present. Recently, Drysdale et al. (2017) reviewed the adult eye-

tracking literature on gaze-patterns in individuals with ASD during active task 

engagement. Typical gaze patterns were observed in tasks such as reading, memory, and 
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when ‘following instructions’ (e.g., an instructional video). Atypical gaze patterns were 

observed during word learning and driving, although behavioral performance was typical. 

In fact, the only situation where gaze patterns were atypical and related to task 

performance was in the context of imitation. 

Finally, to evaluate whether atypicalities in processing task-irrelevant novel 

stimuli are linked to core ASD symptoms, we examined associations between attention to 

the novel colored oddball and behavioral observational measures of ASD-related 

symptoms in Experiment 2. Evidence linking a specific attentional impairment to any of 

the core social-communicative symptoms would lend support to theories suggesting 

attentional modulation atypicalities are not merely associated or secondary features of 

ASD but are of deeper etiological significance with regard to the defining symptoms of 

ASD and their neurobiological underpinnings. However, increased ASD clinical 

symptoms were not related to decreased attention (i.e., fixation duration) to the oddball. 

Interestingly, there were strong positive relationships between multiple measures of 

cognitive ability (Visual Reception, Fine Motor, Expressive Language, and Early 

Learning Composite Score). There was, however, no statistical relationship between 

cognitive ability and attention to the target, suggesting this effect was specific to the 

novel and task-irrelevant oddball and not due to longer or slower fixations more 

generally. The relationship between attention to the oddball and cognitive ability was not 

present in the TD group, suggesting developmental level may moderate attentional 

capture in children with ASD only.  
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Executive control in toddlers with ASD 

The findings from Experiment 3 make an important contribution to the 

developmental executive control literature. Substantial empirical support for the 

executive control hypothesis in ASD has come from assessments of set-shifting in older 

children and adults with ASD (for reviews, see Demetriou et al., 2017; Geurts et al., 

2009; Leung & Zakzanis, 2014). However, only a handful of studies have examined 

performance on set-shifting tasks in children with ASD younger than 5 years of age and 

these studies have yielded inconsistent findings. Studies employing complex attentional 

set-shifting paradigms (such as the DCCS) have suggested that the development of this 

ability is already delayed in early childhood (between 3 and 5 years of age), whereas 

studies with simple response set-shifting in 2-3-year-old toddlers did not find any 

deficits. If deficits are later emerging then this would suggest they are secondary to the 

development of core symptoms of ASD. We developed a novel nonverbal task that 

allowed us to measure attentional set-shifting skills for the first time in toddlers as young 

as 2 years of age. Contrary to the findings from studies with 3-5-year-old preschoolers 

using the DCCS (Pellicano et al., 2017), in Experiment 3, we found no evidence of 

impaired attentional set-shifting in ASD at this age. 

We also explored whether attentional set-shifting performance was related to 

participant characteristics. None of our experimental measures were related to clinical 

symptoms in ASD. However, for toddlers with ASD, there was a significant relationship 

between chronological age and switch cost at the first switch: that is, older toddlers with 
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ASD demonstrated a greater switch cost. This trend of emergence is consistent with the 

existing literature on executive control deficits being present in ASD in the preschool 

period. There was also a positive relationship between expressive language ability and 

switch cost at the first switch, revealing that toddlers with weaker language skills 

demonstrated a greater switch cost. However, given these relationships were specific to 

the fixation duration measure, we believe it would be premature to draw any strong 

conclusions from these findings. Our findings suggest that despite clear problems with 

behavioral flexibility, deficits in attentional set-shifting are not a central feature of ASD at 

the earliest age the condition can be diagnosed.  

Visual search in toddlers with ASD 

Dominant explanations for the visual search advantage in ASD include enhanced 

low-level perceptual processing (Happe & Frith, 2006; Joseph et al., 2009; Mottron et al., 

2006), increased attentional efficiency or focused attention (Blaser et al., 2014; Milne et 

al., 2013), and increased perceptual capacity (Hessels et al., 2014; Remington et al., 

2009).  

In the studies presented in this thesis, it is remarkable that toddlers with ASD 

performed as well as chronologically age-matched TD controls given the two groups 

exhibited substantial differences in cognitive developmental level. However, across three 

experiments, we did not observe a visual search advantage — toddlers with ASD 

performed equally well compared to our age-matched TD controls. This finding is in 

direct contrast to Kaldy et al. (2011) who used a similar paradigm and population, and 
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also contrary to several studies that report a visual search advantage in individuals across 

a wide range of ages (e.g. (Gliga, Bedford, et al., 2015; Joseph et al., 2009; Keehn & 

Joseph, 2016; Plaisted et al., 1998). Given the studies reported in the present thesis were 

highly similar to Kaldy et al. (2011), we can speculate about the source of the difference 

in findings. There is evidence visual search is neither superior nor impaired in ASD 

(Iarocci & Armstrong, 2014; Keehn & Joseph, 2016), so it is possible that superior 

performance depends on specific task properties. Table 6 presents a comparison of 

methodological differences between the baseline conjunction phase of experiments 

reported in the current thesis and Kaldy et al. (2011).  
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Table 6. Comparison of sample characteristics and paradigm features.  

Note. In Kaldy et al. (2011) participants completed between 1 and 3 blocks of the 

experiment. We report only results from the first run of the conjunction-feature phase. 

Relative to Kaldy et al. (2011), TD toddlers in Experiment 1 and 2 demonstrated 

better performance, while toddlers with ASD in Experiment 3 demonstrated poorer 

performance. There are a number of possible factors that could have contributed to these 

differences. First and foremost, in the present thesis, to ensure the search array items were 

 Kaldy et al. 
(2011)

Exp. 1 Exp. 2 Exp. 3

ASD TD ASD TD ASD TD ASD TD

Target hit rate 82.7% 56.1% 73.5% 73.7% 74.3% 75.2% 56.5% 53.3%

Sample 

Age (months) 29.5 29.6 27.4 26.2 25.6 28.1 27.4 27.3

# Participants 17 17 30 34 34 36 29 30

% Females 17.6% 58.8% 26.7% 32.4% 20.6% 44.4% 3.4% 56.7%

Mean # trials 
completed / 
total

8.3 / 
12

8.2 / 
12

4.7 / 6 4.7 / 6 5.2 / 6 4.9 / 6 4.8 / 5 4.5 / 5

Paradigm

Target red apple red apple red apple orange carrot / 
green apple

Set size 5, 9, 13 5, 9, 13 5, 9, 13 8

Distractor red oblongs / 
blue apples

red oblongs / 
blue apples

red oblongs / 
blue apples

green oblongs / 
orange apples

Luminosity not controlled isoluminant isoluminant isoluminant
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equally perceptually salient, we rendered all items nominally isoluminant to each other 

and the background (thus, only hue differences remained between the items). Attention to 

color (hue) differences has been shown to be impaired in children with ASD (Franklin et 

al., 2010, 2008). For example, Franklin et al., (2008) found that high-functioning children 

with ASD are less accurate when required to remember a colored target and make more 

errors when required to identify the colored target amongst a set of colored distractors 

(akin to visual search). However, children with ASD and TD children perform equally 

well when the target was defined by shape. Thus the current stimulus parameters, where 

color (hue) information was more critical, may have affected the search strategies of our 

toddlers with ASD more so than toddlers with TD. Furthermore, in Experiment 3, the 

reduced discriminability of the stimuli (i.e., green vs. orange items on a grey background) 

may have rendered the task especially difficult, reducing evidence of an ASD advantage. 

However, it is unclear why color salience manifested as an improvement in the TD 

group’s performance in Experiment 1 and Experiment 2 (and a small reduction in ASD 

performance), and a reduction in the ASD group’s performance in Experiment 3. Color 

perception in ASD is an ability that has been somewhat overlooked and further 

investigation into this ability is needed, especially given the role of color perception in a 

number of attention tasks, including visual search.  

The second noteworthy difference between the present thesis and Kaldy et al. 

(2011) are sample differences. In the present thesis, the sample size was considerably 

larger than that in Kaldy et al. (2011) however the number of trials completed was higher 
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in Kaldy et al. (2011). It is possible that increased levels of task-engagement in toddlers 

with ASD (Blaser et al., 2014) meant that children either improved at the task with time 

(practice effects) or that TD toddlers showed poorer performance over time (fatigue 

effects). Furthermore, ASD is approximately 4.5 times more common among males (1 in 

42) than females (1 in 189) (Christensen, 2016). Gender effects remain to be explicitly 

studied in the context of the visual search. However, if being male is a factor in 

determining the visual search advantage, the higher number of females in the TD group in 

Kaldy et al. (2011) could have partially accounted for the group’s lower performance. In 

summary, future research will be needed to clarify the role of color perception, practice or 

fatigue, and gender on visual search in TD children and children with ASD. 

Limitations and future directions 

There are a number limitations in studies in the present thesis that are worthy of 

discussion. First, in the present thesis, our control groups were always chronologically 

age-matched. This meant toddlers with ASD and TD toddlers demonstrated large 

differences in mental age. Often, mental age matching is used when studying ASD in an 

effort to eliminate the effect of non-central factors such as developmental delay (Jarrold 

& Brock, 2004). However, matching groups on mental age results in a mismatch in terms 

of chronological age — a particular problem when studying young children who have 

radically different experiences and competencies between the first and second year of 

life. Determining whether developmental delay can uniquely account for the findings 

presented in the present thesis will be an important avenue for future research. 

!103



Second, attention may develop differently for children who receive a diagnosis of 

ASD and children who are also at risk for ADHD (Geurts, Verte, Oosterlaan, Roeyers, & 

Sergeant, 2004; Gliga, Smith, et al., 2015; K. A. Johnson et al., 2007; M. H. Johnson et 

al., 2015; Rommelse, Geurts, Franke, Buitelaar, & Hartman, 2011). For example, 

hyperactivity levels moderates visual exploration in infants at high-risk for ASD (Gliga, 

Smith, et al., 2015). Shorter fixation duration during visual exploration in infancy has 

also been associated with increased hyperactivity-inattention in early childhood 

(Papageorgiou, et al., 2014). Although ADHD is commonly comorbid with ASD – it is 

estimated that 30-50% of individuals with ASD present with ADHD symptoms (Davis & 

Kollins, 2012; Leitner, 2014) — diagnosis of ASD often occurs earlier than diagnosis of 

ADHD. Further exploration of how attention develops in different subgroups of ASD 

would greatly improve our understanding this system and its relation to clinical 

symptoms of ASD.  

Third, in Experiment 3, toddlers were not “instructed” to ignore the previously 

relevant but now irrelevant target. Thus, we concluded that when the verbal and 

inhibitory control demands of a task are low, young toddlers with ASD do not exhibit an 

impairment in attentional set-shifting. There are a number of reasons children can err on 

set-shifting tasks, and failures of selective attention, working memory, and inhibitory 

control have been implicated (Chevalier & Blaye, 2008; Hanania, 2010; Hanania & 

Smith, 2010). Whether typical levels of performance are observed in toddlers with ASD 
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when these abilities are differentially taxed remains to be investigated (for a commentary 

on this issue in adults, see Van Eylen et al., 2011).  

Fourth, although we manipulated set size in Experiment 1 and Experiment 2, we 

did not have sufficient power to examine the effects of set-size on task-irrelevant 

attentional capture. Lavie (1995) proposed attentional selection depends on the perceptual 

load (i.e., the amount of task-relevant information) of a task. In the case of low perceptual 

load, task-irrelevant distractors will be processed. However, in the case of high perceptual 

load, task-irrelevant distractors will not be processed. There is evidence that task-

irrelevant distractor suppression occurs at lower loads in TD adults relative to adults with 

ASD (Ohta et al., 2012; Remington et al., 2009; Remington, Swettenham, & Lavie, 

2012). Future research should examine the effects of set-size on attentional capture in 

young children with ASD to determine when enhanced perceptual capacity observed in 

adults with ASD emerges. For purely exploratory purposes, Figure 18 shows oddball 

fixation duration and oddball hit rate as a function of set size for toddlers with ASD and 

TD toddlers. Visual inspection of the graph suggests that the TD groups’ fixation 

durations to the novel colored oddball in Experiment 2 may have been modulated by set 

size whereas the ASD groups’ fixation duration may not have been.  
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Figure 18. Average oddball fixation duration (ms) and oddball hit rate (%) by set size in 

Experiment 1 and 2. Bars are 1 standard error. 
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Fifth, it is worth considering the effect of ‘attentional set’ on task-irrelevant 

attentional capture. In adults, how endogenous factors interact with exogenous factors to 

produce attentional capture has been an area of controversy (Bacon & Egeth, 1994; Folk 

et al., 1992; Jonides & Yantis, 1988; Stoppel et al., 2013; Theeuwes, 2010). Stimulus-

driven accounts posit that salient stimuli will capture attention regardless of the top-down 

attentional set of the observer (Theeuwes, 2010). By contrast, goal-driven accounts posit 

attentional capture depends on a shared feature (e.g. color) between the attentional set 

and the task-irrelevant stimulus (Folk et al., 1992). Bacon and Egeth (1994) further 

proposed that attentional capture depends on search mode (feature-search mode vs 

singleton-detection mode). It is, therefore, possible that differences in attentional set were 

present in toddlers with ASD and TD toddlers, and such differences were related to 

attentional capture. However, it is unclear how one would determine the specificity of 

toddlers’ attentional set in the absence of task instructions. 

Finally, classic models of attentional control posit selective attention is controlled 

by endogenous and exogenous factors. However, more recently, it has been established 

that previously rewarded and/or selected stimuli are associated with increased attentional 

priority and automatically capture attention when task-irrelevant (B. A. Anderson, 2016; 

B. A. Anderson et al., 2017; Awh et al., 2012; Chelazzi et al., 2014; Jiang, 2017; Jiang et 

al., 2015; Munneke et al., 2016). In the present thesis, the target was animated post-

search as a way to encourage children to search for this item without verbal instructions. 

Thus, the target may have been rewarding to toddlers, resulting in enhanced attentional 

!107



priority. In Experiment 3, following a target switch, the irrelevant target was not only 

previously relevant but was also previously ‘rewarded’. It is somewhat surprising then 

that toddlers did not demonstrate increased attentional capture by this item. This raises 

the question as to whether reward-driven attentional control operates the same way in 

young children as in adults. Finally, although atypicalities in the processing of reward and 

negative feedback have been observed in ASD (Broadbent & Stokes, 2013; Kohls et al., 

2012; Larson, South, Krauskopf, Clawson, & Crowley, 2011; Schmitz et al., 2008), we 

did not find any group differences in terms of responses to the target. Future research 

should be directed at the effects of reward on attentional capture in young children, both 

with and without ASD.  

Conclusions 

In light of the research reviewed and the findings of the present thesis, a few 

thoughts can be offered. There is evidence showing that low-level differences in gaze-

patterns in a free-viewing context are atypical early in life (M. H. Johnson et al., 2015). 

However, exogenous orienting may be typical by toddlerhood (Fischer et al., 2016, 

Robertson, et al., under review). Furthermore, in the Baseline phases of Experiment 1 and 

Experiment 2, we found no differences in gaze patterns between groups when actively 

engaged in a ‘classic’ feature-conjunction visual search task, suggesting that toddlers with 

ASD do not have impairments in their ability to move their eyes (or attention) flexibly 

when searching for a target.  
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Studies employing complex attentional set-shifting paradigms (such as the DCCS) 

have suggested that the development of this type of set-shifting is already delayed in 

early childhood in ASD, whereas studies with simple response set-shifting have 

suggested deficits are later emerging and thus secondary to the development of core 

symptoms of ASD. In Experiment 3, toddlers needed to maintain an attentional set that 

included a conjunction of relevant target features (e.g., green/apple), and update this 

representation following a target switch (e.g., orange/carrot). Toddlers were not 

“instructed” to ignore the previous but now irrelevant target. Thus, when the verbal and 

inhibitory control demands of a task are low, young toddlers with ASD do not exhibit an 

impairment in attentional set-shifting. 

 Therefore, at present, it seems atypical gaze patterns in passive viewing contexts 

might be useful as an early predictor of risk for ASD related symptoms in infants. 

However, later in life, when attention is most often under voluntary control, low-level 

differences in gaze patterns may no longer be a factor in developing ASD-related 

symptoms. Furthermore, deficits in executive control are not a primary factor in the 

development of behavioral inflexibility in young children diagnosed with ASD, and these 

deficits either emerge later or as a consequence of increased task complexity (Van Eylen 

et al., 2011). 

 Looking forward, we believe research on the development of attention in young 

children with ASD is essential for several reasons. First, an improved understanding of 

attentional differences would greatly improve characterization of a disorder diagnosed 
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solely on the basis of behavioral symptoms. Toddlerhood is the earliest age ASD can be 

diagnosed, which means findings are independent of effects of behavioral or 

pharmacological interventions. Second, attentional differences could underlie core 

symptoms, or contribute to core symptom development. Attention is pivotal to shaping 

experience, and in turn, cognition. Improved understanding of the link between attention 

and ASD symptoms would clarify neurocognitive risk factors for ASD and further 

elucidate the neurobiological underpinnings of these symptoms. Third, it would inform 

early intervention options, shown to be the most effective form of intervention. A 

complete understanding of the early development of attention in ASD is clearly a 

prerequisite for advancing the development of early behavioral markers of ASD and 

informing intervention options in the early childhood period. 
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