
Toddlers with ASD are better at visual search without trying harder: a pupillometric study

Motivation
We found that toddlers with Autism Spectrum Disorder are better at visual search than age-matched controls.

The cause is mysterious: enhanced perception? faster search? more attentional resources? Greater ‘focus’?

Goal
Use pupillometry to determine the attentional ‘mode’ of toddlers during visual search,

to test the idea that toddlers with ASD do not search better than Typical toddlers, just more often.
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Discussion

o As expected, 1-2.5-year-olds showed classic
feature and conjunction search results.
o We used an entirely non-verbal paradigm
with no training, that is easy to use with
young non-verbal (e.g. clinical) populations.

How do we know that toddlers were
searching for the target?

Our data shows that toddlers were treating the
target differently from the distractors. Fixation
length was, significantly higher for the target than
for distractors. Furthermore, in the single feature
trials, the target was fixated significantly faster
than average distractors.

What are the advantages of a no-instruction
paradigm?

There is considerable variability in the verbal
abilities of young toddlers. By using a no-
instruction paradigm, we can eliminate some of
the variance that is due to differences in
comprehension skills. Another advantage of our
paradigm is that it can be easily used to study
very young atypical populations that are partially
or totally non-verbal (e.g. toddlers with Autism
Spectrum Disorder, Down Syndrome).
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Results

Familiarization trials: No
significant differences in either
time to first fixation (TFF) or
fixation length (FL) among the
three items (all p’s > 0.158).

Search trials: We replicated the
characteristic RT pattern found in
adult studies: the number of
distractors did not affect time-to-
target in single feature trials, but
in feature conjunction trials time-
to-target linearly increased with
the number of distractors (Fig. 2).

In general, toddlers spent longer
fixating on the target than the
average distractor (average target
FL:  937 ms; average distractor
FL: 627 ms. t(278) = 7.417, p <
0.001). Overall, time-to-first-
fixation was also lower for the
target than for the average
distractor (target TFF: 1443 ms;
average distractor TFF: 1680 ms.
t(277) = 3.319, p < 0.001) (Fig. 3
and 4.)

Methods

Participants: 30 healthy toddlers, age: 14-31 months
(mean: 26.5 ± 6.0 months).

Materials: We used a Tobii T60 eye tracking system
to display stimuli and to record eye movements.

Goal

  To study visual attention in young toddlers and verbally-compromised
populations (e. g. toddlers with ASD, Down Syndrome) by applying a visual
search paradigm that does not require verbal instructions.

% of trials single, 4 single, 8 conj., 4 conj., 8 conj., 12

only target, no distractors 1 3 7 1 0

only distractors, no target 4 9 25 44 65

missed both 2 3 16 11 8

Stimuli: One target (a red apple), among ‘color’ (blue apples), and ‘shape’
distractors (red, elongated, rectangular apples) (Fig. 1).

Procedure: Participants sat approx. 40 cm from the screen. After calibration,
four familiarization trials were run, where the three object types (one each)
were shown simultaneously on the screen in different configurations.
Participants saw one or two mixed blocks of single-feature trials (distractors:
either color or shape; number: 4 or 8) and feature conjunction trials (equal
number of color and shape distractors; number: 4, 8, or 12). Trial length
was 4 sec. At the end of each trial, the target rotated in place for 2
seconds accompanied by a clapping sound (providing minimal feedback).
Between trials, a target item zoomed in from the top part of the screen,
again accompanied by sound effects, and then stood at a central fixation
point for 2 sec.

Figure 1.  ‘Heat map’ showing typical

fixation density for a feature

conjunction trial.

Figure 2. Effect of set size on time-to-

first-fixation in single feature and feature

conjunction search.

Figure 3. Average fixation length
for target and distractors in single
feature search, conjunction search,
and averaged across all searches.

Unsuccessful search trials: The percent of
trials where either the target and/or the
distractors did not get any looks are as
follows:

Figure 4. Average time-to-first-
fixation for target and distractors
by single feature trials.

There is a classic distinction
between ‘feature search’ tasks,
where a target item is distin-
guished from distractors by a
unique feature value, and ‘conjunc-
tion search’ tasks, in which the
target can be distinguished only
by a conjunction of features. ‘Set-
size’ increases have little or no
effect on search time in feature
search (the target ‘pops-out’,
Treisman & Gelade, 1980), but
results in linear increases for
conjunction search.

Visual Search

Apparatus

Tobii T120

Pupillometry & Locus Coeruleus

Conclusions
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Each block consisted of 
4 familiarization trials 
and 13 test trials and 
lasted for approximately 
4 minutes. The test trials 
consisted of 4 single 
feature trials (set size 5 
or 9) and 9 feature 
conjunction trials (set 
size 5, 9 or 13).

Phasic mode: focused attention on task-
relevant stimuli (associated with better 

performance, e.g. on search tasks). 
-->determines task-evoked pupil response

Tonic mode: diffuse attention marked by 
broad sampling of stimuli in the environment.

-->determines baseline pupil level

 Aston-Jones, et al., 2007 

Pupil changes due to mental activity 
are due to activity of the LC

AR245-NE28-16 ARI 19 May 2005 12:10

that the LC-NE system serves to adjudicate
these trade-offs and thereby contributes to
the optimization of behavioral performance.
This proposal contrasts with traditional views
of the LC-NE system.

Neuromodulatory Systems and the
Regulation of Behavior: A Historical
Perspective
The LC-NE system is one of several brain-
stem neuromodulatory nuclei with widely
distributed, ascending projections to the
neocortex (see Figure 1); others include the
dopaminergic, serotonergic, and cholinergic
systems. These neurons play critical roles in
regulating cortical function, and disturbances
in these systems are central to major psychi-
atric disorders, such as schizophrenia, de-
pression, and bipolar disorder. Traditionally
investigators have assumed that these neu-
rotransmitters serve relatively simple and
basic functions. For example, many have
thought that dopamine (DA) release signals
reward or motivation, and NE mediates
arousal (Berridge & Waterhouse 2003, Jouvet
1969, Robinson & Berridge 1993, Wise &
Rompre 1989). Such functions seemed to
accord well with the characteristic anatomy of
these systems (widely distributed projections
throughout the forebrain), and it is easy to
understand how disturbances in such basic
and pervasive functions would have profound
disruptive effects on cognition, emotion,
and behavior such as those associated with
psychiatric disorders. Furthermore, although
NE, DA, serotonin, and acetylcholine are
sometimes referred to as “classical neuro-
transmitters” (presumably because of their
early discovery and their effects in peripheral
systems), an equally and perhaps more im-
portant function of these substances in cortex
is neuromodulation. That is, rather than pro-
ducing direct excitatory or inhibitory effects
on postsynaptic neurons, they modulate such
effects produced by other neurotransmitters
such as glutamate and gamma amino butyric
acid (GABA). Neuromodulatory actions,

Figure 1
Illustration of projections of the LC system. Saggital view of a monkey
brain showing LC neurons located in the pons with efferent projections
throughout the central nervous system. Note that only few areas do not
receive LC innervation (e.g., hypothalamus and caudate-putamen).

especially when they are distributed over
a wide area, seemed well suited to basic,
pervasive functions such as the signaling of
reward and the mediation of arousal.

Whereas functions such as reward and
arousal have intuitive appeal, they have often
escaped precise characterization, at both the
neural and the computational levels. Recently,
however, this has begun to change. For exam-
ple, considerable progress has been made in
developing a formal theory of the role of DA
in reinforcement learning. According to this
theory, DA does not signal reward per se but
rather mediates a learning signal that allows
the system to predict better when rewards
are likely to occur and thereby contribute to
the optimization of reward-seeking behaviors
(Montague et al. 1996, 2004). This represents
a significant refinement in understanding of
the relationship of DA to reward and the
role that this neuromodulatory system plays
in the regulation of cognition and behavior.
In this review, we propose a theory that offers
a similar refinement to our understanding of
LC-NE function and its relationship to
arousal, and how this in turn relates to the
optimization of reward-seeking behaviors.

Arousal reflects a fundamental property
of behavior that has proven difficult to define
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Firing rate of an LC neuron (in 
monkey) recorded simultaneously 
with the pupillary responses 
during a signal detection task.
(Aston-Jones & Cohen, 2005)

We’ll use pupil response to determine when LC is 
in phasic, ‘focused’ attention mode.

-->and look for differences between groups

Missing data is replaced with other eye’s 
data or interpolation.

Data are averaged across eyes.
Data are smoothed.

Baseline is set at 500 ms before onset.
Significant differences are highlighted.

Analysis is based on Sirois’ Matlab scripts.

The ASD group has greater average dilation during search. 
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The LC hypothesis is supported by 
recent findings demonstrating that the 

NE reuptake inhibitor venlafaxine 
suppresses LC neuronal activity...

...and is also an effective 
treatment for attention-
impairment symptoms 
associated with autism.

This explains the ASD advantage without invoking perceptual enhancement. 

Is the LC implicated in ASD?

Pupillometry reveals that the 
ASD group is in a ‘focused 

attention’ mode more often.

While the Typical group is in a 
diffuse, ‘exploratory’ attention 
mode more often.

Previously, we showed that 2.5-year-olds with ASD were more 
successful than age-matched controls at conjunction search. 

Here we used pupillometry to gain insight into attentional ‘mode’  

Pupillometry 19

1969; Karatekin, Couperous, & Marcus, 2004; Nuthmann & 
van der Meer, 2005; Piquado, Isaacowitz, & Wingfield, 2010; 
Stanners, Coulter, Sweet, & Murphy, 1979; Van Gerven, Paas, 
Van Merriënboer, & Schmidt, 2004; Võ et al., 2008) and inter-
ference or competition between stimuli and/or responses (e.g., 
Laeng, Ørbo, Holmlund, & Miozzo, 2011; Moresi et al., 2008; 
Siegle, Ichikawa, & Steinhauer, 2008; Van der Meer et al., 
2003). Figure 1, for example, illustrates how the pupillary 
response is clearly sensitive to the congruency effect of the 
classic Stroop color-naming task.

However, recent evidence from pupillometry studies within 
psychology and neuroscience indicates that the pupillary 
response might offer a wider window on cognition than previ-
ously thought. Specifically, it may provide an index to pro-
cesses that occur below the threshold of consciousness.

Through the Eye to the Brain
Pupillary measurements

The size of the pupil of the eye is determined by the tone of 
two muscles, the dilator and the constrictor; thus, a pupillary 
dilation can be the result of a stimulation of the dilator or an 
inhibition of the constrictor. In dim light or darkness, the pupil 
can enlarge to an average size of about 7 mm with a standard 
deviation (from this average) of about 0.9 mm (MacLachlan & 
Howland, 2002); in standard light conditions, its average size 
is about 3 mm (Wyatt, 1995). Thus, changes in illumination 
can provoke pupillary dilations of more than double its typical 
size (about 120%). Changes that are cognitively driven are 

more modest and are rarely greater than 0.5 mm (Beatty & 
Lucero-Wagoner, 2000). Thus, the pupillary response to sex-
ual stimuli, as originally measured by Hess and Polt (1960), 
approximated the maximal dilation (a 20% change) that can be 
elicited by psychologically relevant stimuli that are invariant 
in luminance.

Pupillary responses occur spontaneously and they are dif-
ficult to control voluntarily. Specifically, a pupillary dilation 
may be voluntarily provoked only in an indirect manner by 
mentally imaging an object or event that would normally 
evoke a pupillary dilation (e.g., sexual imagery; Whipple, 
Ogden, & Komisaruk, 1992). However, it is impossible to sup-
press a pupillary dilation at will, whether it is provoked by 
external stimuli or mental events (Loewenfeld, 1993). Pupil-
lary dilations evoked by psychologically relevant stimuli 
occur as the result of a neural inhibitory mechanism on the 
parasympathetic oculomotor complex or Edinger–Westphal 
nucleus by the noradrenergic system’s locus coeruleus (LC; 
Wilhelm, Wilhelm, & L!dtke, 1999).

Norepinephrine and the LC
The LC is a subcortical brain structure that constitutes the nor-
adrenergic system’s hub to the whole brain (Aston-Jones & 
Cohen, 2005; Sara, 2009). The LC is found on each side of the 
rostral pons in the brainstem and gives rise to the sole source 
of the neuro-transmitter norepinephrine (NE) to the cortex, 
cerebellum, and hippocampus. The LC may be most known 
among clinical psychologists for its role in syndromes like 
clinical depression, panic disorder, and anxiety (e.g., Carter  
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Fig. 1. Mean pupil diameters (in mm) for each distractor condition during the classic color-word 
Stroop interference task (from Laeng et al., 2011). Time 0 represents the onset of each stimulus, and 
pupil size was sampled every 20 ms. The colored vertical lines represent the point in time of each 
condition’s mean reaction time. Pupillary responses clearly lag behind each explicit response (a key 
press indicating the color of the word), but they showed the same pattern of results across conditions 
(i.e., larger responses for incongruent combinations of pixel colors and color words than for the 
congruent combinations).
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Laeng et al. (2011)

Task-evoked pupillary responses

Measure of the “intensive aspect” 
or “load on attentional capacity”

This attentional mode and the 
pupil response is controlled 

by the Locus Coeruleus.
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Trials had a fixed length 
and our dependent 

variable was ‘% success’

But why are toddlers with ASD better at visual search?
We can use pupillometry as a window into attentional ‘mode’.

Stroop task

The ASD group does not try harder, 
they just try more often

According to our eye movement 
data, the ASD group doesn’t search 
faster, longer, or more dedicatedly 

than age-matched controls. 

such changes are typically 0.1-0.5mm
Beatty & Lucero-Wagoner, 2000

Kaldy, Kraper, Carter, & Blaser, 2011

 Kahneman, 1973; Laeng, et al., 2012

 Wilhelm, et al., 1999

...is the ASD group devoting more attention to the task? 
Or just devoting attention more often? 

This implies greater ‘phasic’ LC mode and greater focused attention.

We see the same trend when we look at the different set size conditions, but...

Jackson, I., & Sirois, S., 2009

We can tease these possibilities apart by just 
looking at successful trials as set size increases.

If the ASD group always just 
devotes more attention than 
the Typical group, we should 
not see a set size effect, just 

ASD>Typical across set sizes.

But if the ASD and Typical groups are 
capable of devoting the same amount 
of attention (but the ASD group just 
does so more often) then the two 
groups should asymptote together.

The ASD and Typical groups are 
already indistinguishable by set size 9.

Successes in high-set size 
conditions rarely happen by 
chance; only through focused 
attent ion. Looking at just 
successful trials as set size 
increases allows us to isolate 
‘best-case‘ focused attention (LC 
phasic) mode. Will it look the 
same in ASD and Typical groups?

Phasic, focused attention mode is the same in both 
groups; the ASD group is just in this mode more often.
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The Locus Coeruleus modulates phasic, 
‘focused’ vs. tonic, ‘exploratory’ attention.

(Indeed, when ‘best case’ trials are isolated, pupil responses look identical between groups)

 Aston-Jones, et al., 2007 

Hollander, E., et al., 2000Beique, J., , et al.,2000

Autism is thought to resemble a persistent, highly focused attentive 
state, with LC neurons in a persistent ‘hyperphasic’ mode.

Febrile episodes normalize LC activity and mitigate ASD symptoms.
Mehler & Purpura, 2009

The Locus Coeruleus and ASD
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