
Specific Aims 
Our laboratory recently discovered that a viewer’s subjective assessment of the saliency of 

a stimulus can be quantified by measuring patterns of eye-blinking1. Given that blinking 
temporarily interrupts the flow of visual information to a viewer, our research revealed that 
viewers unconsciously adjust, on a moment-by-moment basis, the precise timing of their blinks 
to minimize the likelihood of missing critical visual information presented during a blink. 
Probabilistically, people are least likely to blink when looking at what they perceive to be most 
important1,2 and most likely to blink during moments perceived to be least important2,3. 
Consequently, we can quantify the perceived salience of what viewers are looking at by 
measuring change in rate of eye-blinking relative to ongoing scene content.  

The current application leverages this insight to advance our understanding of a population 
of patients whose condition is marked by atypical perceptions of the social world4: Autism 
Spectrum Disorder (ASD). Although social stimuli are reported to be less salient to individuals 
with ASD5,6, a viewer’s assessment of the saliency of a stimulus—an inherently subjective 
aspect of viewer experience—has traditionally been difficult to quantify objectively, limiting 
scientific inquiry into this defining feature of the condition. The present application uses our 
novel measure of perceived stimulus salience to open a new avenue of research into (1) what 
individuals with ASD perceive as most salient during free-viewing of naturalistic social scenes; 
(2) how perceived stimulus salience, in typical children and in children with ASD, relates to
underlying brain systems; and (3) how perceived salience and active seeking of social
information interacts with brain systems involved in social processing.

Unfortunately, very little is currently known about the neural systems involved in subjective 
perceptions of stimulus salience, in either typically-developing (TD) or ASD populations. We do 
know that active seeking of salient social information is inextricably linked to social information 
processing and may be a prerequisite for typical development of the social brain7–9. In contrast, 
the atypical engagement with social stimuli so often observed in ASD1,5 is not only a defining 
feature of the condition10, but is also a likely source of subsequent—and progressively 
increasing—differences in the development of brain and behavior11. Understanding what is 
perceived to be salient to children with ASD, as well as to their typical peers, and also 
identifying the neural systems involved in varying states of perceived salience, will provide new 
inroads into studying the etiology and underlying mechanisms of the disorder as well as new 
insights into the unique perspectives and experiences of individuals with ASD. 

The current proposal combines novel measures of perceived stimulus salience (eye-blink 
inhibition) with functional magnetic resonance imaging (fMRI) to address the following aims in a 
pilot sample of TD children (n=15) and in children with ASD (n=15):  
Aim 1: Identify neural systems recruited in varying states of perceived stimulus salience. 
Hypothesis 1: Content perceived to be highly salient to TD children will activate brain systems 

relevant for reward and/or emotion processing (e.g. medial prefrontal cortex12) and for 
stimulus valence (e.g. amygdala13, thalamus14, nucleus accumbens15, orbitofrontal cortex16), 
but will de-activate the default mode network17. Between-group comparisons will reveal 
whether children with ASD recruit these same or different brain systems in response to 
content perceived, by participants with ASD themselves, as highly salient. 

Aim 2: Determine how perceived salience and the active seeking of social information (in 
this case, faces) interacts with the activity of brain systems involved in face processing.  
Hypothesis 2: Faces perceived to be highly salient to TD children will increase activation in brain 

systems involved in face perception (e.g. occipital fusiform gyrus, mid-fusiform gyrus, and 
superior temporal sulcus18) and in thinking about the intentions of others (e.g. 
temporoparietal junction19 and inferior parietal lobule20). Between-group comparisons will 
reveal whether children with ASD recruit these same or different brain systems when looking 
at faces perceived, by participants with ASD themselves, as highly salient. 
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Background & Significance 
When we blink, the flow of visual information 

between the world and one’s retina is interrupted. 
In that instant of blinking, visual stimulation from 
the external world is lost for 150–400 msec21,22.  
As a result, any visual information presented in 
those instants of blinking will be missed23.  In this 
way, blinking sets a physical limit on visual 
attention because of its profound interruption of 
incoming visual information.   

In previous research2, we tested the 
hypothesis that viewers unconsciously adjust the 
timing of when they do or do not blink in order to 
minimize the likelihood of losing important visual 
information during a blink1. Specifically, we tested 
whether viewers blink less when watching content that is perceived, by the viewers themselves, 
as highly salient. We designed a visual task in which different types of scene content were 
explicitly manipulated to be differentially salient to two groups of viewers: during video watching, 
typical adults were arbitrarily assigned to one of two tasks that related to only certain events
within the videos. Results showed a highly significant interaction of viewer type by task on blink 
rate: task A viewers spontaneously decreased their blink rate during type A events and 
increased their blink rate during type B events. Task B viewers changed their blink rate in the 
same way but for their own arbitrarily-assigned events (Figure 1).   

We also tested whether the same effects would be observed in more ecologically-valid free-
viewing of video scenes (i.e., without an explicitly assigned task); in that case, the viewer’s “task” 
is defined by the viewer’s own internal goals and interests. To test these effects we recruited
two groups of viewers known to have different internal goals and interests: typically-developing 
children and children with ASD1,24,25. Typical 2-year-olds inhibited their blinking when watching 
emotionally-charged scenes and when looking at the faces of onscreen characters. In contrast, 
two-year-olds with ASD inhibited their blinking when looking at physical objects, and at physical 
objects in motion. We observed similar results in older children: typical 8-year-olds most 
strongly inhibited their blinking when looking at faces, whereas 8-year-olds with ASD inhibited 
their blinking when looking at objects, particularly those in motion.  

More strikingly, the results from this study illustrate the importance of measuring not only 
where a child is looking but also the perceived salience of what he or she is looking at. Our eye-
tracking data revealed many instances when both groups of viewers were looking at the same 
onscreen location at the same moment in time. While looking behavior would otherwise suggest 
that both groups were attending to this content in similar ways, patterns of blinking revealed a 
different insight into the experiences of children with ASD. For instance, even when children 
with ASD spontaneously look at faces at the same time as their typical peers, their patterns of 
eye-blinking reveal that they fail to assess those faces as salient information in the 
environment24. This insight into the subjective experience of children with ASD, and the need to 
link this insight to underlying brain mechanisms, is at the heart of the current application. 
Significance of Aim 1: The neural circuitry underlying a person’s unconscious, subjective 
assessment of perceived stimulus salience is unknown in both typical development and in ASD. 
Aim 1 will identify neural circuitry involved in varying states of perceived stimulus salience 
during free-viewing of naturalistic scenes by using blink inhibition as a measure of viewers’ 
unconscious appraisals of what is most salient at any given moment (Figure 2). Results from 
TD children will advance knowledge of a basic and critically important adaptive mechanism that 
fundamentally shapes brain development: over the course of development, the brain is shaped 
by selective experiences; perceived stimulus salience acts as the gatekeeper in guiding those 

Figure 1. Rates of blinking are strongly modulated by the perceived 
salience of events.  Viewers were arbitrarily assigned to attend to either 
type A or B events while watching a movie that alternated between scenes 
of type A or type B events (top panel).  Despite having identical blink rates 
over the entire viewing session (bottom left), Task A viewers decreased 
their blink rate during type A events and increased their blink rate during 
type B events; Task B viewers did the same but for type B events (top 
panel). Bottom right: Significant interaction of viewer type by task.  
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experiences. Further, because active 
seeking of salient social information is 
inextricably linked to social information 
processing and shapes typical 
development of the social brain7–9, 
examining neural systems involved in 
the subjective perception of stimulus 
salience is critical for understanding the 
neural mechanisms of core social 
deficits in ASD. 
Significance of Aim 2: Examining how 
perceived salience and active seeking 
of social information interacts with brain 
systems involved in social processing 
offers an opportunity to test competing 
(though not necessarily mutually-
exclusive) accounts of one of the most 
well-replicated neuroimaging findings in 
ASD: reduced activation in ‘social brain’ 
regions during social information processing tasks. For instance, one of the most consistent 
findings in ASD is hypoactivation of the fusiform gyrus (FG)11,26,27, a region that responds 
strongly to faces in typical individuals, when looking at faces28. One interpretation of this result is 
that hypoactivation of the FG may play a causal role in face perception difficulties and other 
aspects of social disability in ASD26. Another interpretation is that years of reduced interest in 
faces29,6 (i.e. years of perceiving faces as less salient) may strongly shape a child’s developing 
brain systems7,30–34. In this case, FG hypoactivation may be a consequence of perceiving faces 
as less salient (a characteristic of ASD) rather than being an initial cause of disability. Our 
method offers a unique opportunity to test these interpretations by identifying moments when 
children with ASD spontaneously fixate on faces that they perceive as highly salient (Figure 3). 
If FG activation increases to normative levels when children with ASD fixate faces perceived, by 
the children with ASD themselves, as highly salient, then this would suggest that previous 
reports of FG hypoactivation reflect a reduced interest in the faces presented, rather than a 
general visual face processing deficit.  

Each of these aims also has important implications for treatment in ASD: if differential 
perceptions of stimulus salience (of faces and of other social information) are key factors 
influencing and refining brain specialization, then treatments that augment a child’s capacity to 
actively and successfully seek relevant social stimuli – ideally at points very early in life, prior to 
the time when atypical specialization becomes most pronounced29 – might provide the greatest 
opportunity for optimal long-term outcomes35,36, attenuating or even preventing some of the 
most deleterious consequences of ASD.  
Innovation 

Blink inhibition provides a measure of the unconscious assessment of perceived stimulus 
salience that is intrinsically linked to what a person is looking at in real time. This marks a 
significant advancement over other existing measures of arousal or reward, methods such as 
rating scales, surveys, or autonomic measures (e.g., galvanic skin response or heart rate), each 
of which is highly multi-determined and also suffers from long latency and refractory periods37,38. 
In contrast, blink inhibition is intrinsic to the visual system and is time-locked, on a moment-by-
moment basis, to what viewers are attending to. This is particularly well-suited to what we face 
in the real world, and also to what most often represents the greatest challenge to individuals 
with ASD (even those who are cognitively-able): dynamically-unfolding, fast-paced, and 

Figure 2. To identify neural systems differentially recruited in varying states of perceived 
stimulus salience, we will examine the brain systems recruited by TD children in response to 
content perceived—by the TD children themselves—as highly salient. To examine whether 
ASD children recruit the same or different brain systems in response to highly salient 
content, we will examine the brain systems recruited by children with ASD in response to 
content perceived—by the children with ASD themselves—as highly salient. (A) We identify 
moments perceived as highly salient—for each group separately—by identifying moments of 
statistically significant blink inhibition by comparison with permuted data as in Shultz et al, 
20111. Examples of moments perceived as highly salient to TD or ASD viewers are 
highlighted in gray. (B) Moments perceived as highly salient will be used as regressors to 
identify the neural circuitry underlying a person’s unconscious, subjective assessments of 
perceived stimulus salience. 
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nuanced social situations. In such contexts, 
actively seeking the most relevant 
information at the right moment in time (i.e., 
dynamically reacting to and anticipating 
relevant social information as salient) is 
crucial for social functioning. To our 
knowledge, no studies have examined the 
neural circuitry underlying salience 
assessment during free-viewing of 
naturalistic scenes.  

The current application now combines 
these methods with state-of-the-art imaging 
techniques. To do so, we have formed an 
outstanding team of investigators bringing 
together expertise in functional39–41 42–44 45–47 
and structural neuroimaging48–50; behavioral 
neuroscience and eye-tracking5,29,51 1,52,53; 
and patient training54–56 57–59. Our entire team 
worked to develop the combined data 
collection and analysis protocols:  

• training protocols for mock scanning (that already resulted in successful pilot scans of 2
children with ASD and reduced head movement by 9.5-fold in mean absolute displacement
(to <0.32mm) and 5.5-fold in maximum absolute displacement (to <2.9mm);

• implemented advanced motion-censoring techniques for fMRI data60 to remove data
volumes with excessive motion (especially beneficial for populations prone to movement);

• implemented high quality simultaneous eye-tracking and fMRI data collection—with
calibration accuracy and signal-to-noise ratio equal to or better than eye-tracking data
collected outside the magnet (owing to reduced head movement).

Experimental Design & Methods 
Participants: A pilot sample of 15 TD and 15 ASD children (8 to 12 years-old) will be enrolled. 
Sample size is based upon an analysis of sample size and power in fMRI studies61. 
Experimental Procedures: All participants will complete the training procedure, the MRI 
procedure, and participant characterization. Training Procedure: To facilitate the inclusion of 
participants who represent the full-range of intellectual and social disability characteristic of ASD, 
all participants will complete a training protocol developed by Drs. Call and Shillingsburg. 
Training sessions will be conducted using a mock scanner and will consist of baseline 
assessments and operant training procedures (using contingent reinforcement and shaping 
procedures tailored to each child). The terminal goal will be < 3 mm of child movement for three 
periods of up to eight minutes in duration. The protocol has already been used successfully in 
children with ASD. MRI Procedure: MRI data will be collected on a 3T Siemens Tim Trio 
scanner (Siemens Medical Solutions, Malvern, PA) at the Wesley Woods Center for Systems 
Imaging using a 32-channel head coil. Eye-tracking data will be acquired simultaneously with 
functional MRI (fMRI) data, using hardware and software created by Senso Motoric Instruments 
(SMI) with modifications from our engineering team. Because of the challenges associated with 
requiring pediatric populations to remain still for long durations, we optimized our protocols so 
that scanning can be segmented into runs as short as 3 to 8 minutes so that participants may 
move or take breaks between runs. Structural MRI: High-resolution structural images will be 
acquired for anatomical referencing and image registration. Images will be acquired using a T1-
weighted 3D MPRAGE sequence with the following parameters: TE=2.31ms, TR=2400ms, flip 
angle=8o, matrix=256, FOV=256x256mm, 208 sagittal slices, thickness=1mm, bandwidth=210 

Figure 3. To determine how perceived salience interacts with the activity of brain 
systems involved in face processing, we will restrict our analyses to moments when 
viewers are fixating on faces, contrasting those perceived as highly salient with 
those perceived as less salient.  To quantify time-varying visual scanning to 
dynamic stimuli, we (A) convolve a viewer’s fixation location with a kernel function, 
then (B) compute kernel density estimates for all viewers in order to measure when 
visual scanning is divergent (left) or convergent (right).  (C) Concatenating a series 
of such maps at every moment in the video, we can identify the area of greatest 
fixation density at each moment of ‘convergent’ visual scanning.  In (D), (E), and 
(F), the main measures in this application are brought together via acquisition of 
simultaneous eye-tracking and fMRI data. 
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Hz/pixel. Total scan duration is 5 min, 54 s. Simultaneous fMRI and Eye-Tracking: In piloting 
sessions, we have had successful collections of simultaneous eye-tracking and fMRI with 4 of 4 
adults and 2 of 2 children with ASD. fMRI data will be acquired using a T2*-weighted EPI 
imaging sequence with the following parameters: TE=25ms, TR=2s, flip angle=90o, 
matrix=64x64, FOV=224 mm, 37 axial slices without gap, thickness=3.5mm, BW=2604 Hz/pixel. 
Age-appropriate movie scenes, as in Rice et al78, will be presented for a total scan time of 
approximately 15 minutes. Participant Characterization: Children will be characterized with 
measures of social ability (the SCQ62 and the SRS63), and intellectual functioning (the 
Differential Abilities Scale64). Social disability in ASD will be characterized with the ADOS65. TD 
Inclusionary Criteria: (1) no developmental delays (all IQ scores > 70); (2) does not meet criteria 
for ASD on the SCQ62; (3) no family history of ASD; and (4) a consensus clinical classification 
as TD. ASD Inclusionary Criteria: (1) meet criteria for ASD on the ADOS-265; and (2) receive a 
consensus best estimate clinical diagnosis of ASD. Exclusionary Criteria for all children: history 
of head trauma, seizures, or visual or auditory abnormalities, and any contraindication for MRI. 
Data Processing: fMRI Data: Preprocessing will include slice timing correction, volume 
registration, artifact reduction, and spatial smoothing (FWHM = 5 mm). Eye-tracking Data: Eye 
movements identified as fixations will be coded relative to onscreen regions-of-interest (ROIs, 
i.e., face, body, and object). Moments perceived as highly salient will be determined by the
following steps, as in1: (1) individual blink data are recorded as time series binary values
indicating whether an individual is blinking or not; (2) instantaneous blink rate is calculated at
each moment in the time series; (3) statistically significant blink inhibition will be identified
through permutation testing. An exact statistic of p<0.05 will be used to identify periods of
statistically significant blink inhibition (indicating moments perceived as highly salient) and
periods of statistically significant increase in blink rate (indicating moments perceived as
relatively less salient) (Figure 2a). During periods of statistically significant blink inhibition, we
will identify where the viewers are fixating by the following steps: (1) patterns of visual scanning
will be quantified at each time point by convolving a kernel density function with viewers’ fixation
coordinates (Figure 3a); (2) this process is applied to time-locked data from all viewers to derive
kernel density estimates for the group, yielding a measure of where visual fixations are
distributed within each movie frame (Figure 3b); (3) finally, viewers’ fixation locations during
moments of simultaneous blink inhibition and convergent visual scanning will be assessed
relative to region of fixation location (face, body, or object) (Figure 3c-d).
Statistical Analyses: Aim 1: Two first-level analyses will be performed on fMRI data using a
standard GLM approach: continuous data correlation and event-related regression. The former
approach correlates instantaneous blink rate with fMRI signal. The advantage of this approach
is that it utilizes the entire time series of blink data thereby providing higher statistical power.
The latter approach estimates impulse response functions related to events of interest (i.e.,
moments of significant blink inhibition or increased blinking). This approach focuses exclusively
on significant modulation of blink rate and is therefore more robust to effects of noise. In the first
analysis (continuous data correlation), the regressor will consist of group (TD or ASD)
instantaneous blink rate recorded throughout the scan. The second analysis (event-related
regression) will include regressors for each condition of interest: (1) moments perceived as
highly salient by TD or ASD viewers, and (2) moments perceived as relatively less salient by TD
or ASD viewers. A functional activation map will be obtained for each individual by an F-test
contrasting model fit with and without regressors of interest. First-level analyses will then be
combined into group-level analyses using a voxel-wise one-sample t-test, contrasting regression
coefficients with 0. For between-group comparison, differences in regression coefficients will be
tested by two-sample t-test. Aim 2: fMRI data will be analyzed as in Aim 1 using a standard
GLM approach with regressors for each condition of interest: (1) faces perceived by TD or ASD
viewers as highly salient and (2) faces perceived by TD or ASD viewers as relatively less salient.
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Extramural Funding Track Record: Drs. Shultz (PI on the current application), Li, and Jones 
(Investigators on the current application) were awarded a Pediatric Center Seed Grant in 2014 
(‘Acquiring high-quality magnetic resonance data for understanding brain connectivity in infants 
at-risk for autism’). This seed grant generated pilot data that led to an NIH-funded R21 
(submitted within the 1st year of the Pediatric Seed Grant) and an NIH K01 grant application (PI: 
Dr. Shultz; submitted within the first year following the Pediatric Seed Grant). The K01 
application was favorably reviewed (impact score of 12) and is likely to be funded for a 5-year 
period beginning in September 2016. Given the funding amounts of the R21 ($362,436) and the 
K01 ($871,770), the return on investment of the 2014 Pediatric Center Seed Grant ($50,000) is 
likely to be 2368.4%. In addition to securing external funding, the seed grant lay the foundation 
for the creation of a new ‘Pediatric Neuroimaging Core’ to expand research at the Marcus 
Autism Center to include investigation of the neural mechanisms underlying ASD. The work 
supported by this seed grant led to the development of novel infant-optimized MRI protocols 
that, relative to conventional techniques, offer significant improvements in the speed and quality 
of data acquisition from naturally sleeping infants. These methodological breakthroughs were 
critical in establishing MRI protocols and infrastructure for the first-ever pediatric neuroimaging 
facility at the Wesley Woods Center for Systems Imaging (a combined Emory/CHOA/Marcus 
Autism Center initiative, led by Drs. Shultz and Li). Future Plans Related to Current Proposal: 
Just as our 2014 Pediatric Seed Grant launched a program of research on brain development in 
infancy, the current application will launch a program of research focused on understanding the 
neural mechanisms of social disability in school-age children with ASD. The innovative 
technologies and behavior protocols supported by this application will create the infrastructure 
for a new program of research in developmental neuroimaging and will produce pilot data that 
will lead directly to an NIH R01 application (PA-13-216, ‘Research on Autism Spectrum 
Disorders’, to be submitted October 5, 2017, estimated 5-year budget of $1,750,000). The focus 
of the present grant application—identifying neural markers of social disability in children with 
ASD—is well aligned with both the research objectives of the R01 funding announcement 
(“studies of brain mechanisms underlying the development, regulation, and modulation of 
behaviors characterizing ASD, particularly those involved in communication and social 
interaction”) and the funding priorities identified by the NIH Interagency Autism Coordinating 
Committee (“neural markers of autism and neural mechanisms of social disability”), 
strengthening the prospect of future NIH grant applications. Leveraging of Resources: This 
application brings together the unique strengths of several research cores at the Marcus Autism 
Center: (1) the Pediatric Neuroimaging Core (expertise in pediatric brain imaging); (2) the Social 
Neuroscience Core (expertise in eye-tracking measures of child behavior in response to 
naturalistic social stimuli); and (3) the Behavior Treatment Clinics (expertise in behavior analysis 
and behavior modification). Collaborations between the Pediatric Neuroimaging Core and the 
Social Neuroscience Core will lead to the development of novel technology for simultaneous 
measurement of a child’s engagement with naturalistic social stimuli (via eye-tracking) and brain 
activity (via fMRI). Collaborations between the Pediatric Neuroimaging Core and the Behavior 
Treatment Clinics will lead to the development of behavior training protocols to teach children 
(including those with severe intellectual and social disabilities) the skills to successfully 
complete an MRI scan, a unique resource not commonly available to pediatric neuroimaging 
studies. These collaborations will set the stage for a generative interdisciplinary research 
program by opening new avenues to the study of social disability in a sample of children that is 
actually representative of the range of intellectual functioning and social disability characteristic 
of ASD. These efforts are also likely to stimulate additional collaborations and interactions with 
GRA-affiliated colleagues. For instance, our simultaneous eye-tracking and fMRI technology is 
currently used by Emory’s Department of Radiology and Imaging Sciences, while our behavior 
training protocols have been shared with Emory colleagues in Psychology and Psychiatry. 

Sarah Shultz. PhD


