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Abstract
Background: Although aberrant visual attention has been identified in infants at high familial risk for autism, the
developmental emergence of atypical attention remains unclear. Integrating biological measures of attention into
prospective high-risk infant studies may inform more nuanced developmental trajectories, clarifying the onset and
course of atypical attention and potentially advancing early screening or treatment protocols. Heart rate-defined
sustained attention (HRDSA) is a well-validated biological measure of attentional engagement that, in non-clinical
infant populations, provides incremental information about attentional engagement beyond looking behaviors
alone. The present study aimed to examine the characteristics and clinical correlates of HRDSA in high-risk infants,
informing whether HRDSA may operate as a promising biological measure of attention and clinical symptoms in
this population.
Methods: We examined age-related patterns of HRDSA during a passive looking task in 5- to 14-month-old
high-risk infant siblings of children with autism (n = 21) compared to low-risk controls (n = 21), with most participants
contributing multiple assessments. Emergent autism features were measured using the Autism Diagnostic Observation
Schedule at 24 months. Primary dependent variables included the proportion of time in behavioral attention, proportion
of time in HRDSA, and average heart rate deceleration during HRDSA. For each variable, we used nested multilevel
models to examine whether attention differed by group, as well as whether attention predicted emergent autism
features among high-risk infant siblings.
Results: As expected, HRDSA served as a global biological measure of attention in high-risk infants, predicting greater
variability in group risk status than behavioral looking alone. Among high-risk infants, more severe ASD features were
also associated with increasingly shallow heart rate deceleration during HRDSA across development, suggesting
abnormal qualities of HRDSA may inform individual differences within this population.
Conclusions: These preliminary findings provide initial evidence that HRDSA may offer a sensitive, affordable, and
portable biological measure of attention that may enhance understanding of atypical attention in high-risk infants. Using
this method, we also provide initial evidence that atypical patterns of heart activity previously reported in children and
adults with autism may emerge in the first year of life, warranting further study of how HRDSA may specifically inform
attention profiles in ASD.
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Background
Visual attention is one of the most robust early indicators
of autism spectrum disorder (ASD), with higher rates of
atypical features identified prior to age 12 months in
infants later diagnosed with ASD [1, 2]. The majority of
studies of early attention in ASD have been conducted
with “high familial risk” (HFR) infant siblings of children
with ASD who exhibit nearly 20 times the risk of ASD
diagnoses than the general population [3]. Although a
number of abnormal attention processes in HFR infants
have been identified as potential “red flags” for ASD, the
emergence and mechanisms of these behaviors remain
unclear. Integrating biological measures of attention into
prospective HFR infant studies may inform more nuanced
developmental trajectories, clarifying the onset and course
of atypical attention in HFR infants and potentially advancing early screening or treatment protocols. In infants, decelerations in heart rate offer one such biological measure
that can be used to measure the presence and quality of
“sustained attention,” the process whereby an infant exerts
cognitive resources to process a stimulus [4–8]. Indeed,
because heart rate deceleration has been shown to provide
a more sensitive metric of sustained attention than behavioral looking alone [9], this method has been successfully
applied to measure attention-related outcomes in a number of recent clinical infant nutrition studies [10, 11]. As
such, it is possible that heart rate-defined sustained attention (HRDSA) may be similarly applied as a biological
measure to more sensitively index attention in HFR
infants. However, given self-regulatory deficits commonly
reported in ASD [12, 13], it is unclear whether HRDSA
will present similarly in HFR infants and previously
studied low-risk populations. Thus, the present study aims
to preliminarily characterize the nature and clinical
correlates of HRDSA in HFR infants, informing whether
HRDSA may operate as a promising biological measure of
sustained attention and relevant clinical features—such as
emergent ASD features—in this population.
Heart rate-defined sustained attention

It is well-established that infants’ physical look durations
do not cleanly map onto attention, as infants will often
continue looking when they are no longer cognitively
engaged in stimulus processing [14]. Thus for over five
decades, heart rate-defined sustained attention has been
integrated into developmental research as a wellvalidated, low-cost, and non-invasive biological measure
of attentional engagement [15]. When the brain’s arousal
system is activated, cardioinhibitory centers initiate parasympathetic processes to slow heart rate, producing
heart rate decelerations that quantify qualities of stimulus engagement that cannot be measured using overt
looking patterns alone [4–7]. Richards and colleagues
have quantified three primary attention phases that

Page 2 of 13

occur when infants are physically looking toward a
stimulus: orienting, sustained attention, and attention
termination [4, 7, 16–18]. Heart rate-defined sustained
attention (HRDSA) is indexed by maintenance of decelerated heart rate, reflecting the exertion of additional cognitive
resources to process a stimulus. Indeed, infants in periods
of HRDSA are less distractible across a variety of tasks, including computerized orienting paradigms [5, 19, 20] and
toy play activities [21, 22]. HRDSA is also associated with
enhanced neural responses and more accurate performance on behavioral learning tasks [19, 23–25], supporting
HRDSA as a valid measure of attention in typically developing infants.
HRDSA in special populations

Few studies have examined heart activity in HFR infants,
and it is possible that HRDSA may present differently in
HFR given the well-established autonomic abnormalities
associated with ASD (see [12, 13] for review). A number
of studies of older individuals with ASD have generally
suggested faster overall heart rate in ASD [26–28] and
difficulties modulating arousal when task demands
change [29–31], although inconsistent findings are common [13]. Some evidence suggests that inconsistencies
may reflect the broad, heterogeneous nature of ASD
symptoms, as studies specifically focused on social communication deficits within ASD—as opposed to broader
ASD status—have generally reported significant associations between ASD and physiological arousal [13]. In
addition, it is possible that developmental factors complicate interpretation across studies. In a recent study,
HFR infants exhibited slower heart rate (HR) at 3, 6, 9,
and 12 months of age relative to low rate (LR) controls,
conflicting with findings of hyperarousal in older individuals with ASD [13]. Notably, this pattern of slower
HR in infants at high risk for ASD parallels previous
findings in children with fragile X syndrome (FXS), a
single-gene disorder highly associated with ASD.
Specifically, infants with FXS who later exhibit high
ASD features display slower HR in infancy (< 12 months)
yet faster HR in the toddler and preschool period
(12–40 months), relative to infants with FXS and low
ASD features [32]. Given the complex, heterogeneous
symptom profiles and developmental factors associated with ASD, further work is needed to characterize
associations between heart activity and symptom profiles, particularly in early childhood.
Similarly, few studies have examined heart rate decelerations as a specific index of attention in ASD, and
existing studies have used variable methods that preclude generalizable conclusions about the nature of
HRDSA in ASD. Corona and colleagues examined behavioral responses and heart activity of 3- to 5-year-old
children with ASD who viewed an examiner pretending
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to hurt herself, then displaying either an intense distress
response or neutral affect [33]. Behaviorally, children
with ASD and comparison children with intellectual disability both looked more toward the examiner displaying
distress, although the ASD group exhibited atypical
qualities of social attention, such as fewer looks toward
the examiner’s face. However, only the control group exhibited decelerations in heart rate when examining the
examiner in distress, potentially indicating blunted
HRDSA toward the emotional stimulus in the ASD
group. In contrast, Louwerse and colleagues identified
typical heart rate decelerations in adolescents with ASD
relative to non-ASD controls during a picture viewing
task, with both groups exhibiting larger heart rate decelerations to unpleasant versus neutral stimuli [34]. Notably, both studies focused on heart rate decelerations as
a metric of sustained attention in response to emotionfocused stimuli, rather than examining how HRDSA
may inform general sustained attention in ASD. Thus, it
remains unclear how HRDSA may inform general sustained attention and stimulus processing in ASD.
More recent work has begun expanding studies of
HRDSA to infants at risk for ASD. In a longitudinal pilot
study of 9- to 18-month infants with FXS (n = 13) and
12-month controls (n = 10), infants with FXS generally
exhibited shallower heart rate decelerations and lower
heart rate variability during a visual attention task [22].
However, despite infants with FXS displaying shallower
decelerations at the group level, higher ASD symptoms
were marginally associated with deeper heart rate decelerations and greater behavioral looking within the FXS
group. Thus, despite an overall profile of physiological
dysregulation in FXS, deeper heart rate decelerations
converged with enhanced visual attention, similar to patterns observed in typically developing infant samples
(e.g., [5, 19]). More recently, atypical patterns of heart
rate decelerations were identified in HFR infants relative
to low familial risk (LFR) controls from 3 to 12 months
of age in response to speech stimuli [35]. Specifically,
HFR infants exhibited atypically shallow heart rate decelerations across development, increasingly deviating from
LR controls between 3 and 12 months of age, suggesting
reduced social orienting during time. However, heart
rate decelerations were not examined in relation to ASD
outcomes; thus, it remains unclear whether atypically
shallow decelerations observed in HFR infants are driven
by the subset of HFR infants with later ASD. Together,
these preliminary findings suggest that HRDSA may provide novel information about attention in infants at risk
for ASD, although differences across stimuli, risk group,
and availability of ASD outcome data complicate
interpretations. For example, when HRDSA is used to
measure social orienting (e.g., [35]), which is reduced in
ASD, ASD risk may be associated with shallower
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HRDSA. In contrast, when HRDSA is used to measure
responses to non-social visual stimuli (e.g., [22]), which
are often reported to be atypically enhanced in ASD,
ASD risk may be associated with increased HRDSA.
Alternately, it is possible that differences in HRDSA patterns may be driven by biological or genetic factors, with
FXS and HFR status mapping on to different patterns of
physiological features. Given the limited work in this
area, additional studies are needed to characterize the
profiles of HRDSA in special populations, with particular
attention toward intersecting developmental, clinical,
and biological factors.
HRDSA and visual attention in HFR infants

Although studies of HFR infants have critically advanced
understanding of the emergence and early symptoms of
ASD in infants, a major challenge to this work is the vast
heterogeneity in individual profiles and features that
present in infants later diagnosed with ASD. Biological
measures such as HRDSA may improve HFR infant
research by supporting more precise measurement of
individual differences, reducing error and increasing
power in HFR infant attention studies. Indeed, although
abnormal cognitive and social attentional features have
been observed in HFR infants and have been the topic of
several reviews [36, 37], attention in HFR infants remains a complex topic, in part due to the diverse
conceptualization and measurement of attention in the
extant HFR infant literature. It is possible that physiologically derived indices of sustained attention could advance HFR infant attention research by providing
information about the quality of attentional responses,
particularly when looking behaviors are a primary variable of interest.
Relevant to the present study, a number of studies
suggest abnormal attentional patterns in HFR infants
across a variety of visual attention tasks, with particularly atypical profiles among infants with later ASD features. For example, HFR infants who later meet ASD
diagnostic criteria exhibit longer saccadic latencies to
disengage attention from competing stimuli [2, 38] and
enhanced visual search performance [39]. In addition,
studies focused on more socially salient tasks have demonstrated reduced attention-related behaviors in HFR
infants, with later ASD features associated with reduced
attention toward social scenes [40], people within a social scene [40], and a person’s eyes within a social scene
[41] by 6 months of age. Fewer studies have examined
sustained attention specifically in HFR infants, with one
recent study suggesting disrupted social sustained
attention in HFR infants who later meet criteria with
ASD (n = 9) who exhibited shorter peak looks on social
trials of a habituation task compared to HFR infants
who did not meet ASD criteria (n = 49), although group
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differences were no longer significant at 12 months [42].
Limited work in older individuals is similarly complex,
with some studies reporting reduced sustained attention
in preschoolers with ASD [43], and others suggesting
intact sustained attention in adolescents with highfunctioning autism [44]. Reflecting this complexity, no
single attentional profile established in either HFR
infants in general or the subgroup of HFR infants who
later meet criteria for ASD [45].
Improving the quality and depth of attention measurement during visual attention tasks, such as through the
integration of HRDSA, may help clarify the scope, emergence, and mechanisms of abnormal attention in this
population. At the phenotypic level, examining HRDSA
may further inform whether sustained attention is disrupted in HFR infants, particularly those with later ASD
features, building on a single study that has explicitly
addressed this topic to date [42]. Methodologically,
HRDSA could also be used to more sensitively capture
the quality of attention engagement among HFR infants,
as several recent studies have identified group differences in HRDSA despite similar behavioral sustained attention, such as in the context of habituation tasks [9]
and nutritional clinical trials [11]. At the analytic level,
HRDSA may also be used to reduce error in visual attention experiments by enabling researchers to isolate trials
in which infants are physiologically engaged in an attention task. For example, typically developing infants
exhibit more efficient stimulus processing and greater recognition memory when presented stimuli during HRDSA
versus non-HRDSA phases [46]. Thus, researchers may
control for HRDSA when examining condition effects or
alternatively design experiments to selectively administer
trials once a period of HRDSA has been achieved [21, 47].
Although other neuroimaging methods such as electroencephalogram (EEG) have similarly yielded more sensitive
information about visual attention in HFR infants compared to behavioral methods [48, 49], HRDSA is a particularly attractive method given the relative ease, affordability,
and portability of collecting infant heart rate data relative
to more invasive or expensive neuroimaging techniques.
The present study

Heart-rate defined sustained attention is a promising
biological measure for measuring and tracking the development of attention in HFR infants given both the
popularity of this method in typical developmental literature and its emergent promise in characterizing phenotypes in infants with FXS [22]. To test whether
HRDSA may similarly inform attentional development
in HFR infants, the present study examined levels and
age-related changes in HRDSA in a prospective cohort
of HFR infants and low-risk controls during a passive
looking task. Although the focus of the present study is
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on HRDSA specifically, we expected age-related differences in task performance across groups, with LFR controls exhibiting reduced behavioral attention over time
[50]. We also expected the task to solicit greater behavioral attention in HFR versus LFR infants, with increasingly distinct profiles between 6 and 12 months, based
on previous findings that HFR infants with greater ASD
features exhibit increasingly poorer disengagement from
visual stimuli [1, 2] and neural changes predictive of
ASD [51] between 6 and 12 months. In the context of
these expected behavioral patterns, our goals were to
characterize profiles of HRDSA in HFR infants relative
to LFR infants, controlling for behavioral attention, as
well as determine whether HRDSA corresponded with
indices of emergent ASD features in the HFR group.
This approach contributed to our overall aim of determining whether HRDSA may serve as a sensitive biological measure of sustained attention in HFR infants.
Given the exploratory nature of this study, we aimed
to test two distinct hypotheses regarding the nature of
HRDSA in HFR infants. The first hypothesis was that
HFR infants would display greater HRDSA, indexed by
greater proportion of time in HRDSA and deeper heart
rate decelerations during HRDSA, and that these patterns would be most atypical in infants who later exhibited more severe ASD features. This hypothesis reflects
a global assumption that HRDSA would relate to
behavioral sustained attention similarly across HFR and
LFR groups, with greater HRDSA paralleling greater behavioral attention, similar to previous studies of typically
developing infants [5, 19]. Indeed, older children with
ASD have been shown to exhibit typical increases in
HRDSA toward emotional stimuli [34] and decreased
HRDSA that parallels reduced quality of social attention
[33], suggesting HRDSA may converge with behavioral
responses in this population. Similarly, greater heart rate
decelerations have been preliminarily associated with
greater ASD symptoms in infants with FXS, despite
atypically shallow decelerations in FXS relative to controls [22]. Thus, this first hypothesis posited that
HRDSA in HFR infants would operate in a qualitatively
similar manner to LFR infant studies, potentially advancing the sensitivity of sustained attention measurement
in HFR infant studies.
Our alternative hypothesis was that HFR infants, particularly those with greater emergent ASD features, would
display enhanced behavioral attention yet shallower heart
rate decelerations during HRDSA, similar to enhanced behavioral attention and shallower heart rate decelerations
previously observed in fragile X syndrome [22]. This
hypothesis would suggest that in Corona and colleagues’
previous study, adolescents with ASD may have failed to
exhibit typical heart rate decelerations across conditions
due to a dysregulated sustained attention response, rather
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than a blunted emotional response to the examiner’s distress. This hypothesis is also consistent with previous
studies in which individuals with ASD exhibit hyperarousal and difficulty modulating arousal across changing
task conditions [29–31], as well as evidence that increasingly faster heart rate across toddlerhood predicts ASD
symptoms in FXS [32]. In other words, it is possible that
even during infancy, HFR status may be associated with
dysregulated sustained attention responses that manifest
in blunted HRDSA, potentially in concert with emergent
ASD features in a subset of infants. If upheld, the implications of this hypothesis are that HRDSA may provide
insight into the mechanisms sustaining atypical attention
profiles in HFR infants, rather than solely advancing sustained attention measurement in this group.

Methods
Participants

Participants were drawn from an ongoing study of early
development in HFR infants. The final sample included
42 infants (17 males, 4 females per group) assessed between 5 and 14 months of age across 73 observations.
Table 1 includes participant characteristics. Infants were
born full term (37 weeks, > 2000 g) and lived with their
biological mother due to the broader study focus on familial and genetic risk factors for ASD. HFR infants were
full biological siblings of a child with a documented
ASD diagnosis, verified using community medical diagnostic reports. Low-risk (LFR) controls were recruited
from the community, were required to fall in the “low
risk” range on the Autism Observation Scale for Infants
[52] at 12 months, and did not have a family history of
ASD. Infants entered the study at variable ages, enrolling
between 4.5 and 10.5 months and completing up to
three assessments approximately 3 months apart. In
addition to the 73 assessments analyzed for these infants, 25 additional assessments (13 HFR, 12 LFR) were

conducted but excluded due to excessive error in heart
activity data (n = 15), technical difficulties (n = 9), and
the infant refusing to sit (n = 1). Groups exhibited similar numbers of participants with one (HFR n = 10, LFR
n = 10), two (HFR n = 6, LFR n = 7), and three assessments (HFR n = 5, LFR n = 4).
Procedure and measures

Procedures were approved by the Institutional Review
Board. Parents provided consent prior to the onset of
the study and were compensated for participation. To
minimize family travel, attention assessments alternated
between laboratory and home environments. Experimental setup was standardized across settings using a portable, nonreflective black felt shield. As part of a larger
battery, each assessment included a passive viewing attention task and additional developmental and clinical
evaluations. The attention task was attempted at the beginning of each assessment and was later re-attempted if
the infant was fussy or would not comply. The present
study includes behavioral and heart activity data from all
assessments, as well as developmental testing conducted
around 12 months of age. Follow-up ASD diagnostic assessments were conducted in the laboratory around
24 months.
Passive viewing task

During each assessment, participants’ looking behavior
and heart activity were measured while they viewed an
engaging 135-s Baby Einstein children’s video depicting
animal puppets, moving toys, and classical music. Participants were seated in a darkened room, 10 in. away from
an “11 × 24” LCD monitor. Two video cameras simultaneously recorded stimuli and participants’ faces to capture
whether infants were looking at the screen. Electrocardiogram signal (ECG) was collected using Alive heart
monitors (Alive Corporation, Gold Coast, Australia), and

Table 1 Descriptions of primary variables at both individual and assessment levels
High familial risk (n = 21)

Low familial risk (n = 21)

n

X

SD

min

max

n

X

SD

min

max

21

1.76

0.83

1

3

21

1.71

0.78

1

3

Individual-level variables
n assessments
MSEL Early Learning Score

21

97.62

16.26

60

137

21

102.86

10.96

80

117

ADOS Severity Score

20

3.95

2.76

1

10

–

–

–

–

–

Age in months

37

9.80

2.43

5.98

13.41

36

10.23

2.23

5.69

13.74

Proportion time inattentive

37

0.40

0.25

0.08

0.95

36

0.43

0.22

0.03

0.81

Proportion time in HRDSA

37

0.30

0.21

0.00

0.92

36

0.30

0.21

0.06

0.95

IBI change during HRDSA

34

33.38

23.53

3.96

110.47

36

36.02

22.52

3.56

130.15

Assessment-level variables

Individual-level variables are measured on one occasion per individual, and assessment-level variables are collapsed across all assessments and individuals in
each group
ADOS Autism Diagnostic Observation Schedule, HRDSA heart rate-defined sustained attention, IBI interbeat interval, MSEL Mullen Scales of Early Learning
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signal was transmitted live to a laptop via Bluetooth. If
the child did not look at the video voluntarily, the examiner provided up to three prompts to re-engage the
child, after which the child was permitted to look toward
or away from the screen.
Autism diagnostic symptoms

The Autism Diagnostic Observation Schedule—Toddler
Module (ADOS-T) [53] is a well-established diagnostic
measure of ASD symptom severity appropriate for children ages 12 to 30 months. The ADOS-T was administered when children were approximately 24 months old
by staff trained to research-reliability standards for both
administrating and scoring. One participant was not able
to return for ADOS testing until age 43 months and was
administered the ADOS-2 Module 2, consistent with
standardized guidelines based on age and verbal ability.
We computed continuous severity scores (CSS) using
established algorithms [54] (range 1–10). Of the 20 HFR
infants with ADOS data, 11 received overall total scores in
the “little to no concern” (ADOS-T) or “nonspectrum”
(ADOS-2) range, 6 in the “mild-to-moderate” range, and 3
in the “moderate to severe” range. The remaining infant
was lost to follow-up and did not complete ADOS testing.
Developmental ability

The Mullen Scales of Early Learning (MSEL) [55] is a
standardized measure of cognitive development for
children under 68 months. Participants’ Early Learning
Composite score from the 12-month assessment was
modeled as a covariate in a subset of analyses.
Quantification of behavioral and heart activity variables

Behavioral data were integrated into Observer XT 10.1
software [56] for offline coding. Proportion of time looking toward the screen (“behavioral looking”) was calculated for each participant. Interrater agreement was 83
across 20% of randomly sampled assessments.
Heart activity artifact editing was completed by a
coder trained to research reliability through a standardized training sequence supervised by the Brain-Body
Center staff [57]. Files that required coders to edit
greater than 5% of interbeat intervals (IBI) were excluded from analyses (n = 15; 6 HFR infant, 9 LFR), consistent with previous studies of HRDSA in ASD [33].
Data were edited for artifacts and analyzed using the
CardioEdit and CardioBatch programs [57]. Next, duration and magnitude of heart rate deceleration during
HRDSA were analyzed using mean-change algorithms
[4] in SAS 9.3. For each period of behavioral looking,
HRDSA was characterized by comparing IBI to baseline,
defined as the median IBI of 5 beats preceding gaze
toward the screen. Baseline values were reset each time
the participant looked away from the screen for more
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than 1.5 s. The onset of HRDSA was indexed by 5 successive beats with longer IBIs than baseline, and HRDSA
terminated after 5 successive beats with IBIs shorter
than baseline. HRDSA was quantified using two primary
variables: proportion of time in HRDSA and average
heart rate deceleration during HRDSA, quantified as
average change in IBI from baseline. Three HFR infants
did not exhibit HRDSA phases, likely related to spending
low proportions of time looking at the screen (13–20%
looking time versus average of 60% among HFR infants;
Table 1). These infants displayed low ASD symptoms
(ADOS CSS: 3, 1, 3).
Analytic plan

Analyses were conducted using SAS 9.4 (Apex, NC) with α
set to less than 0.05. Data were evaluated for analytic assumptions and outliers prior to analyses. Groups did not differ in number of assessments per participant, F(1, 40) = 0.04,
p = .85, mean chronological age across assessments,
F(1, 71) = 0.62, p = .44, or developmental level at outcome F(1, 40) = 1.50, p = .23. Developmental level did not
correlate with any dependent variable across the sample
or within either group. However, developmental level was
lower among HFR infants who exceeded the ADOS diagnostic threshold (Wilcoxon Z = 2.48, p = .02); thus, ADOS
models were repeated with developmental level covaried
to ensure effects were not driven by lower developmental
level. The following variables which were log-transformed
due to non-normality: proportion looking time, proportion time in HRDSA, average IBI deceleration during
HRDSA, and ADOS CSS.
Analyses focused on three primary dependent variables: proportion of time in behavioral attention, proportion of time in HRDSA, and average depth of heart rate
deceleration during HRDSA. To test for the incremental
effects of HRDSA over behavioral looking alone, we
controlled for the main effect of behavioral attention
(centered at the mean) and the interaction between
behavioral attention and the relevant level 2 predictor
(group or ADOS CSS) when conducting models examining HRDSA. Due to the nested structure of participant
data, we analyzed levels and change in attention using
mixed effects multilevel models. Preliminary ICC and
model fit analyses indicated that data clustered within
individuals; however, the association between dependent
variables and age was relatively stable across individuals.
Thus, only intercepts were modeled as random effects,
and age effects are interpreted as age-related patterns
that account for nesting within individuals, rather than
differences in individual growth curves.
For our first step of analyses, we characterized general
patterns of each variable across age using unconditional
models. Next, we constructed a series of conditional
models to test the hypotheses that HFR infants would be
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more behaviorally attentive and display greater HRDSA,
indexed by greater proportion of time in HRDSA and deeper heart rate decelerations during HRDSA. These models
tested the effect of group membership (level 2 predictor)
on initial level and change of behavioral attention (proportion time looking toward screen) and heart rate-defined
sustained attention (proportion time in HRDSA, average
heart rate deceleration during HRDSA). Finally, we
constructed a second set of conditional models to test
whether among HFR infants, higher severity of ASD
symptoms (ADOS CSS) would be associated with more
abnormal behavioral attention and HRDSA. To do so, we
repeated the multilevel analyses in the HFR infant group
only, replacing group with ADOS CSS as the level 2
predictor. For each conditional model, we estimated
proportion of variance explained by predictors using
pseudo R2 [58].

HRDSA distinguished groups with behavioral attention
controlled in the model. These data suggest that although
both HRDSA and behavioral attention patterns distinguished groups, HRDSA was more sensitive to HFR group
status than looking behavior alone.
Contrary to hypotheses, groups did not differ in average heart rate deceleration during HRDSA. Figure 2
depicts beat-by-beat interbeat interval (IBI) data for all
participants’ HRDSA phases by group and age, truncated
at 50 beats to reflect the majority of data. Participants
were separated into age bins for display purposes only,
as age was analyzed continuously. As this figure depicts,
groups exhibit relatively similar trajectories of IBI
change across HRDSA. Thus, groups were primarily
distinguished by overall proportion of time in behavioral
attention and HRDSA, with age-related decreases in in
the LFR but not HFR infant group.

Results

Predictors of diagnostic symptom severity in HFR infants

Cross-group differences in HRDSA

We next examined the association between ASD features
and attention within the HFR group only. Participants’
ADOS CSS were associated with abnormal age-related
patterns of heart rate deceleration during HRDSA. As
depicted in Fig. 3, average heart rate deceleration (quantified as change in IBI) was relatively stable in HFR infants
with low ADOS scores, similar to general patterns in the
LFR group. However, participants with higher ADOS
scores generally exhibited reduced heart rate deceleration
across age. This effect was maintained when overall cognitive abilities were covaried, (interaction B = − 0.19, SE = .05,
p = .002), suggesting the association between heart rate
deceleration and ADOS scores was not driven by lower
cognitive abilities in children with higher ADOS scores.
Thus, among HFR infants, higher ADOS scores were associated with increasingly blunted heart rate decelerations
during HRDSA across age.

Preliminary unconditional models indicated that across
the sample, each primary dependent variable (proportion
of time in behavioral attention, proportion of time in
HRDSA, average heart rate deceleration during HRDSA)
was relatively stable across age. However, as expected,
conditional models indicated group differences in behavioral attention, with the HFR group failing to exhibit
typical decreases in attention across age. Fixed effects
for these models are presented in Table 2.
Controlling for behavioral attention, groups differed in
the proportion of time spent in HRDSA, with combined
predictors accounting for 54% of model variability.
Figure 1 depicts this association, demonstrating individual
data points (circles) and linear trajectories (gray lines) of
behavioral and HRDSA across age, as well as average trajectories for each group across all data points (thick black
lines). As this figure depicts, the LFR group exhibited agerelated decreases in both behavioral attention and HRDSA
across age, whereas the HFR infant group exhibited
greater stability over time. Critically, proportion of time in

Discussion
Integrating low-cost, accessible biological measures of
attention in HFR infants may advance efforts to clarify

Table 2 Fixed effects and standard errors of group membership and ASD symptoms on attention parameters
Group comparisons

R2

Intercept

Age

Group

Group × age

− 0.04 (0.01)** –

Proportion time inattentive

.19

0.32 (0.03)** 0.02 (0.01)*

0.03 (0.05)

Proportion time in HRDSA

.54

0.29 (0.02)** − 0.02 (0.01)*

− 0.04 (0.03) 0.02 (0.01)*

IBI change during HRDSA

− .06 3.39 (0.14)** 0.04 (0.05)

Autism symptom severity (HFR infants only) R2

Intercept

Age

% inattention
− 0.64 (0.08)**

–
0.02 (0.03)

− 0.17 (0.19) − 0.02 (0.08)

− 0.60 (0.57)

− 0.16 (0.22)

Autism

% inattention

% inattention × Age

–

–

Autism × age

Proportion time Inattentive

− .01 0.48 (0.10)** − 0.004 (0.03) − 0.07 (0.06) − 0.01 (0.02)

Proportion time in HRDSA

.67

0.30 (0.06)** 0.02 (0.02)

− 0.03 (0.04) − 0.02 (0.01)

IBI change during HRDSA

.39

3.51 (0.35)** 0.24 (0.07)**

− 0.18 (0.22) − 0.19 (0.05)** − 0.56 (0.64)

*p < .05, **p < .01
HRDSA heart rate-defined sustained attention, IBI interbeat interval

% inattention × Age

− 0.81 (0.12)** − 0.04 (0.05)
− 0.52 (0.26)*
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Low Familial Risk

ProportionTime in HRDSA

Proportion Time Behaviorally Attentive

High Familial Risk
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Chronological Age (months)
Fig. 1 Group difference in behavioral and heart rate-defined attention across age. Note: gray = nested data for individuals with multiple assessments;
black = group regression line

the attentional phenotype of HFR infants, including
potential predictors of later ASD features. Although abnormal attention and heart activity are well-documented
in ASD and have been posited to relate to ASD emergence [13], the intersection of attention, heart activity,
and autism in infancy is poorly understood. The present
study applied a well-established biological measure of infant attention, HRDSA, to a prospective cohort of HFR
and LFR infants during a passive viewing task. As
expected, HRDSA served as a useful metric of attention
in HFR infants, predicting greater variability in HFR status than behavioral looking alone. In addition, infants’
HRDSA quality, as measured by the depth of heart rate
deceleration during HRDSA, was also sensitive to clinical features among HFR infants, with increasingly shallow HRDSA across age in children with more severe
ASD features. These preliminary findings warrant further investigation of HRDSA in HFR infants, with particular focus on applications as a low-cost, accessible

biological measure of sustained attention that, with further study and validation, may also inform clinical risk.
HRDSA distinguished HFR infant status

Our first major finding was that proportion of time in
HRDSA provided a more sensitive index of group status
than behavioral looking alone. This finding generally
supports HRDSA as a valid biological measure of sustained attention in HFR infants, paralleling previous
studies in which HRDSA converged with behavioral engagement during social attention paradigms in children
with ASD [33, 34]. Critically, our data also suggest that
HRDSA provides enhanced sensitivity to group status
compared to behavioral looking alone, with combined
predictors including group status (HFR versus LFR)
explaining 54% of variability in HRDSA compared to
19% in behavioral looking. The enhanced sensitivity of
HRDSA to group status in HFR versus LFR infants converges with recent evidence that proportion of time in
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IBI Difference from Baseline (ms)

HFR Infants
LFR Controls

Beat Number
Fig. 2 Average interbeat interval change across sustained attention by group and age. Note: To reflect group averages, phase data were truncated at
50 beats due to the low incidence of longer sustained attention phases. HFR high familial risk infant siblings, LFR low familial risk controls

HRDSA is a more sensitive metric of treatment response
than behavioral looking in infant nutrition clinical trials
[11] and can be used to detect infant learning that is not
obvious from looking behaviors [9]. Thus, the enhanced
sensitivity of HRDSA to HFR infant status offers promise for future studies seeking to more sensitively index
sustained attention in HFR infants.
Notably, the group differences we observed in sustained attention across HFR and LFR groups—indexed
both behaviorally and autonomically—also advance the
HFR infant literature. As we expected, HFR infants failed
to exhibit typical decreases in behavioral attention and

HRDSA observed in LFR controls, manifesting in increased attention among HFR infants at older ages. Behaviorally, these patterns parallel previous studies in
which HFR infants, particularly those with later ASD
features, display reduced visual engagement at 6 months
[42], fail to reduce look durations between 6 and
12 months [42], and take longer to disengage attention
from competing stimuli by 12 months of age [2, 59].
Thus, behavioral and autonomic indices from our study
and others suggest atypical attention that is present in a
subset of HFR infants by 6 months of age, well before
the traditional age of ASD diagnosis.
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HFR: High ADOS

LFR Controls

Average IBI Change during Sustained Attention (ms)

HFR: Low ADOS

Chronological Age (months)
Fig. 3 Average IBI change during HRDSA across age, separated by ADOS score. Note: Although data were analyzed continuously, “high” ADOS
scores in the figure include those in the “mild-to-moderate” and “moderate-to-severe” ranges. LFR group values are displayed for reference. One
LFR participant value not pictured to maintain graph scale (IBI change = 130.15 ms at age 12.03 months). Note: gray = nested data for individuals
with multiple assessments; black = group regression line

HRDSA predicted individual differences among HFR
infants

Our second major finding was that among HFR infants,
later ASD symptoms were uniquely predicted by increasingly shallow HRDSA across age, despite ASD symptoms
remaining unrelated to overall time spent in behavioral
attention or HRDSA. These data suggest that in addition
to providing a valid index of sustained attention, HRDSA
may be sensitive to qualities of attention engagement
that are related to emergent ASD features not detectable
by quantities of attention alone. From a theoretical perspective, these findings suggest that dysregulated
HRDSA may be relevant to emergent ASD features in
HFR infants. Although preliminary, this finding maps
onto several relevant studies of heart activity in neurodevelopmental disorders. First, these patterns provide preliminary but novel evidence that autonomic dysfunction
observed in children and adults with ASD [12, 13] may
be detectable during the first year of life in a subset of
HFR infants. Indeed, higher clinical risk was associated
with relative hyperarousal at older assessments, similar
to previous findings that ASD is associated with hyperarousal in children with idiopathic ASD [27] and fragile
X syndrome [32]. Our findings also converge with a recent report that HFR infants display shallower heart rate
decelerations across 6–12 months in response to speech
stimuli, potentially reflecting reduced social orienting
over time [35]. Interestingly, similar patterns of

shallower HR decelerations during HRDSA have been reported in infants with FXS, although within this sample,
deeper decelerations are marginally associated with higher
ASD symptoms [22]. Together, these data suggest that
qualities of HRDSA may provide insight into the mechanisms of abnormal attention in HFR infants who later
meet criteria for ASD, although additional work is needed
to replicate and further characterize these associations.
Limitations and future directions

This preliminary study supports the need for further
work examining HRDSA as a biological measure of attention in HFR infants. However, as with any biological
measure relevant to ASD, further study of HRDSA
should rigorously characterize the scope and limitations
of applying HRDSA to HFR infant work, as well as carefully validate any future translational efforts [60]. It will
be important to validate and replicate these findings in
an expanded prospective HFR sample, attending to the
specific onset of atypical HRDSA in HFR infants and
patterns of change across development. This work is
particularly important given a small number of HFR
infants received elevated ADOS scores in our sample
(n = 9), and our primary focus on ASD features continuously rather than a categorical diagnosis. It will also be
important to clarify how methodological issues such as
task design (e.g., passive versus active tasks) and stimulus
types (e.g., computerized versus naturalistic; social versus
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nonsocial) may affect findings. Further work is also
needed to clarify whether global arousal atypicalities and
attention-specific impairments present as additive or
multiplicative components of risk, as it is unclear whether
abnormal HRDSA is a downstream effect of broader autonomic dysregulation reported in ASD. In addition, it will
be important to establish long-term profiles and developmental cascades associated with abnormal heart activity in
HFR infants, including establishing the specificity of these
associations to ASD and the stability of these associations
over time. Finally, future work should also examine the association between HRDSA and ASD in across multiple
high-risk samples simultaneously. For example, comparing
HRDSA in HFR infants and infants with FXS may clarify
the specific correlates of ASD that span multiple groups,
given ASD features were associated with decreased heart
rate decelerations in our HFR sample versus increased decelerations in FXS [22]. This work is particularly important
given the heterogeneous outcomes associated with HFR infant status [61] by providing a means to informing the specificity and generalizability of ASD precursors in infancy.

Conclusions
The present study provides initial evidence that HRDSA
may offer a sensitive, affordable, and portable biological
measure of attention that may enhance understanding of
the intersection of heart activity and attention in HFR infant samples. Using this method, we also provide initial
evidence that atypical patterns of heart activity previously
reported in children and adults with ASD may emerge in
the first year of life among a subset of HFR infants,
warranting further study of how HRDSA may specifically
inform emergent ASD features. This work warrants further study of HRDSA as a potential biological measure of
attention and clinical risk in HFR infants.
Abbreviations
ADOS: Autism Diagnostic Observation Schedule; ASD: Autism spectrum
disorder; HFR: High familial risk; HRDSA: Heart rate-defined sustained attention; IBI: Interbeat interval; LFR: Low familial risk
Funding
This work was supported by the National Institutes of Health F31MH095318
(Tonnsen), R01MH090194 (Roberts), R37HD18942 (Richards). Portions of this
manuscript were submitted in partial fulfillment of the first author’s doctoral
degree requirements to the University of South Carolina.
Availability of data and materials
Data supporting the conclusions of this article are available from the authors
based on reasonable request.
Authors’ contributions
All authors contributed to the study design and revised and approved the
manuscript. BT led the data collection, analyses, and manuscript preparation.
Requests for reprints should be addressed to Dr. Bridgette Tonnsen,
btonnsen@purdue.edu. All authors read and approved the final manuscript.
Author’s information
N/A

Page 11 of 13

Ethics approval and consent to participate
Participants’ parents provided informed consent. All activities were approved
by the University of South Carolina Institutional Review Board.
Consent for publication
N/A
Competing interests
The authors declare that they have no competing interest.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Received: 5 July 2017 Accepted: 12 January 2018

References
1. Elsabbagh M, Fernandes J, Jane Webb S, Dawson G, Charman T, Johnson MH.
Disengagement of visual attention in infancy is associated with emerging
autism in toddlerhood. Biol Psychiatry. 2013;1–6. doi:https://doi.org/10.1016/j.
biopsych.2012.11.030.
2. Zwaigenbaum L, Bryson S, Rogers T, Roberts W, Brian J, Szatmari P.
Behavioral manifestations of autism in the first year of life. Int J Dev
Neurosci. 2005;23:143–52. http://www.ncbi.nlm.nih.gov/pubmed/15749241
3. Ozonoff S, Young GS, Carter A, Messinger D, Yirmiya N, Zwaigenbaum L, et
al. Recurrence risk for autism spectrum disorders: a baby siblings research
consortium study. Pediatrics. 2011;128:e488–95. https://doi.org/10.1542/
peds.2010-2825.
4. Richards JE, Casey BJ. Heart rate variability during attention phases in young
infants. Psychophysiology. 1991;28:43–53. https://doi.org/10.1111/j.14698986.1991.tb03385.x.
5. Casey BJ, Richards JE. Sustained visual attention in young infants measured
with an adapted version of the visual preference paradigm. Child Dev. 1988;
59:1514–21.
6. Richards JE. Infant attention, arousal, and the brain. In: Oaks L, Cashon C,
Casaola M, Rakinson D, editors. Infant perception and cognition: recent
advances, emerging theories, and future directions. New York: Oxford
University Press; 2010.
7. Richards JE. Attention in the brain and early infancy. In: Johnson S, editor.
Neoconstructism: the new science of cognitive development. New York:
Oxford University Press; 2009.
8. Pempek T, Kirkorian H, Richards JE, Anderson D, Lund A, Stevens M. Video
comprehensibility and attention in very young children. Dev Psychol. 2010;
46:1283–93. https://doi.org/10.1037/a0020614.
9. Brez CC, Colombo J. Your eyes say “ no ,” but your heart says “ yes ”: behavioral
and psychophysiological indices in infant quantitative processing. Infancy.
2012;17:445–54.
10. Thomas DG, Kennedy TS, Colaizzi J, Aubuchon-endsley N, Grant S, Stoecker B,
et al. Multiple biomarkers of maternal iron predict infant cognitive
outcomes multiple biomarkers of maternal iron predict infant cognitive.
Dev Neuropsychol. 2017;42:146–59. https://doi.org/10.1080/87565641.
2017.1306530.
11. Colombo J, Carlson SE, Cheatham CL, Fitzgerald-gustafson KM, Kepler AMY.
Long-chain polyunsaturated fatty acid supplementation in infancy reduces
heart rate and positively affects distribution of attention. Pediatr Res.
2011;70:406–10.
12. Cheshire WP. Highlights in clinical autonomic neuroscience: new insights
into autonomic dysfunction in autism. Auton Neurosci. 2012;171:4–7.
https://doi.org/10.1016/j.autneu.2012.08.003.
13. Klusek J, Roberts JR, Losh M. Cardiac autonomic regulation in autism and
fragile X syndrome: a review. Psychol Bull. 2015;
14. Richards JE. The development of sustained visual attention in infants from
14 to 26 weeks of age. Psychophysiology. 1985;22:409–16.
15. Lacey JI. Psychophysiological approaches to the evaluation of
psychotherapeutic process and outcome. In: Runibstein EA, Parloff MB,
editors. Research in psychotherapy. Washington, DC: American
Psychological Association; 1959. p. 160–208.
16. Richards JE. Development of multimodal attention in young infants:
modification of the startle reflex by attention. Psychophysiology. 2000;37:
65–75.

Tonnsen et al. Journal of Neurodevelopmental Disorders (2018) 10:7

17. Reynolds GD, Courage ML, Richards JE. Infant attention and visual
preferences: converging evidence from behavior, event-related potentials,
and cortical source localization. Dev Psychol. 2010;46:886–904.
18. Richards JE, Reynolds GD, Courage ML. The neural bases of infant
attention. Curr Dir Psychol Sci. 2010;19:41–6. https://doi.org/10.1177/
0963721409360003.
19. Mallin BM, Richards JE. Peripheral stimulus localization by infants of moving
stimuli on complex backgrounds. Infancy. 2012;17:692–714. https://doi.org/
10.1111/j.1532-7078.2011.00109.x.
20. Richards JE. Development and stability in visual sustained attention in
14, 20, and 26 week old infants. Psychophysiology. 1989;26:422–30.
21. Lansink JM, Richards JE. Heart rate and behavioral measures of attention in
six-, nine-, and twelve-month-old infants during object exploration. Child
Dev. 1997;68:610–20.
22. Roberts JE, Hatton DD, Long ACJ, Anello V, Colombo J. Visual attention and
autistic behavior in infants with fragile X syndrome. J Autism Dev Disord.
2011;42:937–46. https://doi.org/10.1007/s10803-011-1316-8.
23. Xie W, Richards JE. The relation between infant covert orienting, Sustained
Attention and Brain Activity. Brain Topogr. 2017;30(2):198–219. https://doi.
org/10.1007/s10548-016-0505-3.
24. Richards JE. Attention affects the recognition of briefly presented visual
stimuli in infants: an ERP study. Dev Sci. 2003;3:312–28.
25. Xie W, Mallin BM, Richards JE. Development of infant sustained attention
and its relation to EEG oscillations: an EEG and cortical source analysis
study. 2017; February:1–16.
26. Ming X, Julu POO, Brimacombe M, Connor S, Daniels ML. Reduced cardiac
parasympathetic activity in children with autism. Brain and Development.
2005;27:509–16.
27. Bal E, Harden E, Lamb D, Van Hecke AV, Denver JW, Porges SW.
Emotion recognition in children with autism spectrum disorders:
relations to eye gaze and autonomic state. J Autism Dev Disord. 2010;
40:358–70.
28. Kushki A, Drumm E, Pla Mobarak M, Tanel N, Dupuis A, Chau T, et al.
Investigating the autonomic nervous system response to anxiety in children
with autism spectrum disorders. PLoS One. 2013;8:e59730. https://doi.org/
10.1371/journal.pone.0059730.
29. Althaus M, Mulder LJ, Mulder G, Aarnoudse CC, Minderaa RB. Cardiac
adaptivity to attention-demanding tasks in children with a pervasive
developmental disorder not otherwise specified (PDD-NOS). Biol Psychiatry
1999;46:799–809. http://www.ncbi.nlm.nih.gov/pubmed/10494448. Accessed
2 Jul 2013.
30. Smeekens I, Didden R, Verhoeven EWM. Exploring the relationship of
autonomic and endocrine activity with social functioning in adults with
autism spectrum disorders. J Autism Dev Disord. 2015;45:495–505.
https://doi.org/10.1007/s10803-013-1947-z.
31. Vaughan Van Hecke A, Lebow J, Bal E, Lamb D, Harden E, Kramer A, et al.
Electroencephalogram and heart rate regulation to familiar and unfamiliar
people in children with autism spectrum disorders. Child Dev. 2009;80:1118–33.
https://doi.org/10.1111/j.1467-8624.2009.01320.x.
32. Roberts JE, Tonnsen BL, Robinson A, Shinkareva SV. Heart activity and
autistic behavior in infants and toddlers with fragile X syndrome.
Am J Intellect Dev Disabil. 2012;117:90–102. https://doi.org/10.1352/
1944-7558-117.2.90.
33. Corona R, Dissanayake C, Arbelle S, Wellington P, Sigman M. Is affect aversive to
young children with autism? Behavioral and cardiac responses to experimenter
distress. Child Dev. 1998;69:1494. https://doi.org/10.2307/1132127.
34. Louwerse A, Tulen JHM, van der Geest JN, van der Ende J, Verhulst FC,
Greaves-Lord K. Autonomic responses to social and nonsocial pictures in
adolescents with autism spectrum disorder. Autism Res. 2014;7:17–27.
https://doi.org/10.1002/aur.1327.
35. Perdue KL, Edwards LA, Tager-Flusberg H, Nelson CA. Differing
developmental trajectories in heart rate responses to speech stimuli in
infants at high and low risk for autism spectrum disorder. J Autism Dev
Disord. 2017;47:2434–42.
36. Jones EJH, Gliga T, Bedford R, Charman T, Johnson MH. Developmental
pathways to autism: a review of prospective studies of infants at risk.
Neurosci Biobehav Rev. 2014;39:1–33. https://doi.org/10.1016/j.neubiorev.
2013.12.001.
37. Rogers SJ. What are infant siblings teaching us about autism in infancy?
Autism Res Off J Int Soc Autism Res. 2009;2:125–37.

Page 12 of 13

38. Elison JT, Paterson SJ, Wolff JJ, Reznick JS, Sasson NJ, Gu H, et al. White
matter microstructure and atypical visual orienting in 7-month-olds at risk
for autism. Am J Psychiatry. 2013;1–10. doi:https://doi.org/10.1176/appi.ajp.
2012.12091150.
39. Gliga T, Bedford R, Charman T, Johnson MH. Enhanced visual search
in infancy predicts emerging autism symptoms. Curr Biol. 2015;25:
1727–30.
40. Chawarska K, Macari S, Shic F. Decreased spontaneous attention to social
scenes in 6-month-old infants later diagnosed with autism spectrum
disorders. Biol Psychiatry. 2013;74:195–203. https://doi.org/10.1016/j.
biopsych.2012.11.022.
41. Jones W, Klin A. Attention to eyes is present but in decline in 2-6-monthold infants later diagnosed with autism. Nature. 2013;504:427–31.
https://doi.org/10.1038/nature12715.Attention.
42. Jones EJH, Venema K, Earl R, Lowy R, Barnes K, Estes A, et al. Reduced
engagement with social stimuli in 6-month-old infants with later autism
spectrum disorder: a longitudinal prospective study of infants at high
familial risk. J Neurodev Disord. 2016;8 https://doi.org/10.1186/
s11689-016-9139-8.
43. Vivanti G, Fanning PAJ, Hocking DR, Sievers S, Dissanayake C. Social
attention, joint attention and sustained attention in autism Spectrum
disorder and Williams syndrome: convergences and divergences. J Autism
Dev Disord. 2017;47:1–12.
44. Johnson KA, Robertson IH, Kelly SP, Silk TJ, Barry E, Dáibhis A, et al.
Dissociation in performance of children with ADHD and highfunctioning autism on a task of sustained attention. Neuropsychologia.
2007;45:2234–45.
45. Zwaigenbaum L, Bauman ML, Stone WL, Yirmiya N, Estes A, Hansen RL,
et al. Early identification of autism spectrum disorder: recommendations for
practice and research. Pediatrics. 2015;136(Suppl1):S10–40.
46. Richards JE. Effects of attention on infants’ preference for briefly exposed
visual stimuli in the paired-comparison recognition-memory paradigm. Dev
Psychol. 1997;33:22–31.
47. Richards JE. Peripheral stimulus localization by infants: attention, age, and
individual differences in heart rate variability. J Exp Psychol Hum Percept
Perform. 1997;23:667–80.
48. Guy M, Roberts JE, Tonnsen BL, Richards JE. Neural correlates of face
processing in etiologically-distinct 12-month-old infants at high-risk of
autism spectrum disorder. Developmental Cognitive Neuroscience; 2017.
https://doi.org/10.1016/j.dcn.2017.03.002.
49. Key APF, Stone WL. Same but different: 9-month-old infants at average and
high risk for autism look at the same facial features but process them using
different brain mechanisms. Autism Res. 2012;5:1–14. https://doi.org/
10.1002/aur.1231.
50. Colombo J, Zavaleta N, Kannass KN, Lazarte F, Albornoz C, Kapa LL,
et al. Zinc supplementation sustained normative neurodevelopment in
a randomized, controlled trial of Peruvian infants aged 6–18 months 1,
2. 2014.
51. Hazlett HC, Gu H, Munsell BC, Kim SH, Styner M, Wolff JJ, et al. Early brain
development in infants at high risk for autism spectrum disorder. Nature.
2017;542:348–51. https://doi.org/10.1038/nature21369.
52. Bryson SE, Zwaigenbaum L, McDermott C, Rombough V, Brian J. The
autism observation scale for infants: scale development and reliability
data. J Autism Dev Disord. 2008;38:731–8. https://doi.org/10.1007/
s10803-007-0440-y.
53. Luyster R, Gotham K, Guthrie W, Coffing M, Petrak R, Pierce K, et al.
The autism diagnostic observation schedule-toddler module: a new
module of a standardized diagnostic measure for autism spectrum
disorders. J Autism Dev Disord. 2009;39:1305–20. https://doi.org/
10.1007/s10803-009-0746-z.
54. Esler AN, Bal VH, Guthrie W, Wetherby A, Weismer SE, Lord C. The autism
diagnostic observation schedule, toddler module: standardized severity
scores. J Autism Dev Disord. 2015;45:2704–20.
55. Mullen EM. Mullen scales of early learning. San Antonio, TX: Pearson; 1995.
56. Noldus Information Technology. Observer XT 10.1. 2010.
57. Brain-Body Center U of I at C. Cardio Edit Software. 2007.
58. Singer J, Willett J. Applied longitudinal data analysis: modeling change and
event occurrence. Oxford: Oxford University Press; 2003.
59. Elsabbagh M, Voleina A, Csibra G, Holmboea K, Garwood H, Tucker L, et al.
Neural correlates of eye gaze processing in the infant broader autism

Tonnsen et al. Journal of Neurodevelopmental Disorders (2018) 10:7

Page 13 of 13

phenotype. Biol Psychiatry. 2009;65:31–8. https://doi.org/10.1016/j.biopsych.
2008.09.034
60. Walsh PP, Elsabbagh M, Bolton P, Singh I. In search of biomarkers for
autism: scientific, social and ethical challenges. Nat Rev Neurosci. 2011;12:
603–612.
61. Ozonoff S, Young G, Belding A, Hill M, Hill A, Hutman T, et al. The broader
autism phenotype in infancy: when does it emerge? J Am Acad Child
Adolesc Psychiatry. 2014;53:398–407.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

