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Background: Autism spectrum disorder (ASD) has been called a “developmental
disconnection syndrome,” however the majority of the research examining connectivity
in ASD has been conducted exclusively with older children and adults. Yet, prior ASD
research suggests that perturbations in neurodevelopmental trajectories begin as early
as the first year of life. Prospective longitudinal studies of infants at risk for ASD may
provide a window into the emergence of these aberrant patterns of connectivity. The
current study employed functional connectivity near-infrared spectroscopy (NIRS) in order
to examine the development of intra- and inter-hemispheric functional connectivity in
high- and low-risk infants across the first year of life.

Methods: NIRS data were collected from 27 infants at high risk for autism (HRA) and
37 low-risk comparison (LRC) infants who contributed a total of 116 data sets at 3-, 6-,
9-, and 12-months. At each time point, HRA and LRC groups were matched on age, sex,
head circumference, and Mullen Scales of Early Learning scores. Regions of interest (ROI)
were selected from anterior and posterior locations of each hemisphere. The average time
course for each ROI was calculated and correlations for each ROI pair were computed.
Differences in functional connectivity were examined in a cross-sectional manner.

Results: At 3-months, HRA infants showed increased overall functional connectivity
compared to LRC infants. This was the result of increased connectivity for intra- and
inter-hemispheric ROI pairs. No significant differences were found between HRA and
LRC infants at 6- and 9-months. However, by 12-months, HRA infants showed decreased
connectivity relative to LRC infants.

Conclusions: Our preliminary results suggest that atypical functional connectivity may
exist within the first year of life in HRA infants, providing support to the growing body of
evidence that aberrant patterns of connectivity may be a potential endophenotype for ASD.
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INTRODUCTION
Autism spectrum disorder (ASD) is considered by many to
be a “developmental disconnection syndrome” (Geschwind and
Levitt, 2007), reflecting a shift in perspective from conceptualiz-
ing ASD as a disorder of region-specific dysfunction toward one
associated with atypical neural circuitry (Belmonte et al., 2004;
Muller, 2007; Wass, 2010). Despite being termed a developmental
disconnection syndrome, the majority of the research examining
anatomical and functional connectivity in ASD has focused on
school-aged children, adolescents, and adults, with a small minor-
ity of imaging studies examining changes in connectivity across
time. However, in ASD, perturbations in neurodevelopmental
trajectories begin as early as the first year of life (e.g., Redcay and
Courchesne, 2005), indicating that important neuropathological
processes are operating in infancy if not earlier.

Prospective longitudinal studies of infants at high-risk for
ASD (HRA; because they have an older sibling diagnosed with
ASD) provide a window into the earliest manifestations of these
aberrant patterns of neurofunctional and structural connectiv-
ity. Moreover, studies investigating siblings of individuals diag-
nosed with ASD also have potential to shed light on possible
endophenotypes. Endophenotypes reflect characteristic behav-
ioral or neurobiological features that are present in both affected
individuals and their first-degree family members (Gottesman
and Gould, 2003), and may lead to a more straightforward
decomposition of complex genetic disorders, such as ASD. Both
children with ASD and their siblings atypically evidence reduc-
tions in white matter connectivity (Barnea-Goraly et al., 2010).
More recently, altered developmental trajectories of anatomi-
cal connectivity in high-risk infants later diagnosed with ASD
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were found (Wolff et al., 2012), indicating that atypical connec-
tivity may represent an endophenotype or potential biomarker
for ASD.

Much of the ASD anatomical and functional connectivity
literature focusing on older individuals supports the undercon-
nectivity theory of ASD originally put forward by Just et al. (2004,
2012). Findings from diffusion tensor imaging (DTI) studies, an
imaging modality used to measure microstructural properties of
white matter, have generally reported indices of reduced anatom-
ical connectivity in school-aged children, adolescents, and adults
with ASD (see Travers et al., 2012, for review). However, in con-
trast to DTI studies of older individuals with ASD, work with
children with ASD as young as one-year-old has shown increased
fractional anisotropy (FA) as compared to typically developing
(TD) children (Ben Bashat et al., 2007; Weinstein et al., 2011).
These results may be indicative of accelerated white matter devel-
opment in ASD (although see Walker et al., 2012, for discussion
of the difficulties interpreting DTI indices), and provide evidence
that patterns of over- and under-connectivity may differ as a
function of development.

Prior studies investigating connectivity using functional con-
nectivity MRI (fcMRI), an analytical approach used to investigate
inter-regional signal cross-correlations that reflect distributed
functional networks, have reported both over- and under-
connectivity in older individuals with ASD (which may be depen-
dent on specific methodological decisions; see Muller et al.,
2011). In the only study to examine functional connectivity
in toddlers and younger children with ASD, Dinstein et al.
(2011) reported reduced inter-hemispheric connectivity simi-
lar to findings from older individuals diagnosed with ASD.
In typically developing infants, fcMRI analyses have shown
that functional networks exist in neonates and mature grad-
ually across the first years of life (see Smyser et al., 2011,
for review). However, to date, no study has examined the
development of functional brain networks in the first year of
life in ASD.

Recently, functional connectivity has been investigated using
near-infrared spectroscopy (fcNIRS) in typically developing
infants (Homae et al., 2010, 2011; White et al., 2012) and adults
(Mesquita et al., 2010; Zhang et al., 2010; Duan et al., 2012; Sasai
et al., 2012). Near-infrared spectroscopy (NIRS) is a relatively
new, non-invasive method used to measure concentrations of
oxy- (oxy-Hb) and deoxy-hemoglobin (deoxy-Hb) in the cortex,
and therefore provides an indirect measure of neuronal activ-
ity (similar to functional magnetic resonance imaging; fMRI)
(see Gervain et al., 2011, for review). Unlike fMRI, NIRS does
not require rigid head stabilization or that the infant be asleep
(to avoid motion), making it a more suitable tool to study
infant brain development. Furthermore, simultaneous NIRS-
fcMRI studies have demonstrated that both methods produce
similar functional networks (Duan et al., 2012; Sasai et al., 2012).
The current study employed NIRS to examine functional connec-
tivity in the first year of life in infants at high- and low-risk for
ASD as they passively listened to linguistic stimuli (Gervain et al.,
2008).

Although a failure of neurotypical development of functional
brain networks is thought to characterize ASD, only a handful

of studies have investigated early differences in connectivity.
The current study addresses this gap in the literature by exam-
ining functional connectivity in infants at risk for autism as
early as 3-months of age. Additionally, while our study is cross-
sectional in nature, by investigating infants at risk for ASD
we are able to examine changes in connectivity across the first
year of life (before a reliable diagnosis of ASD can be made),
and therefore provide insight into how atypical network orga-
nization may emerge in ASD. To our knowledge, this is the
first study to examine functional connectivity in infants at
risk for ASD. Specifically, the current study employed fcNIRS
in order to examine the development of intra- and inter-
hemispheric functional connectivity in high- and low-risk com-
parison (LRC) infants across the first year of life in order to
determine if atypical connectivity represents an endophenotype
in ASD.

MATERIALS AND METHODS
PARTICIPANTS
A total of 76 infants (n = 33 HRA; n = 43 LRC) completed vis-
its at 3-, 6-, 9-, and/or 12-months of age. All infants had a
minimum gestational age of 36 weeks, no history of prenatal
or postnatal medical or neurological problems, and no known
genetic disorders (e.g., fragile-X, tuberous sclerosis). Low-risk
infants had a typically developing older sibling and no fam-
ily history of autism or other neurodevelopmental disorders;
infants at high-risk for ASD were defined by having at least one
older full sibling with a diagnosis of Autistic disorder, Aspergers
disorder, or Pervasive Developmental Disorder–Not Otherwise
Specified. Community diagnosis of the older sibling with ASD
was confirmed using the Social Communication Questionnaire
(SCQ; Rutter et al., 2003). At 6- and 12-month visits, infants
were administered the Mullen Scales of Early Learning (MSEL;
Mullen, 1995) in order to obtain a measure of developmen-
tal functioning. Independent-samples t-tests and Fisher’s Exact
tests confirmed that, at 3-, 6-, 9-, and 12-month visits, HRA
and LRC infants that contributed usable NIRS data did not dif-
fer significantly with regard to age, sex, head circumference, and
at 6- and 12-months, did not differ on MSEL Early Learning
Composite score (ELCS) (all p > 0.1) (see Table 1). Total attrition
rates for the current study (26%) were similar to previous infant
NIRS studies (∼40%; see Lloyd-Fox et al., 2010, for review).
At each visit time point, infants were excluded if they were
unable to tolerate the NIRS hat, did not complete at least 14
blocks of the task, or did not have at least one usable chan-
nel in any region of interest (see Table 2 for more information).
The final sample included a total of 64 infants (n = 27 HRA;
n = 37 LRC) who contributed 116 data sets. Informed consent
was obtained from all caregivers in accordance with the Boston
Children’s Hospital and Boston University Institutional Review
Boards.

STIMULI
Stimuli consisted of trisyllabic sequences presented in either
an ABB (e.g., “ba-lo-lo”) or ABC (e.g., “ba-lo-ti”) artifi-
cial grammar (see Gervain et al., 2008, for further details).
Trisyllabic sequences were grouped into blocks of 10 sounds
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Table 1 | Participant information.

HRA LRC

3 months

(n = 17)

6 months

(n = 12)

9 months

(n = 8)

12 months

(n = 6)

3 months

(n = 13)

6 months

(n = 18)

9 months

(n = 21)

12 months

(n = 21)

Age [days] 106 (11)
91–121

217 (15)
193–242

296 (17)
272–329

396 (13)
382–416

110 (12)
94–135

207 (17)
186–241

297 (17)
276–336

388 (13)
364–422

Sex [males;
females]

10; 7 5; 7 3; 5 2; 4 7; 6 8; 10 10; 11 11; 10

MSEL ELCS n/a 91 (8)
79–110

n/a 105 (24)
81–138

n/a 93 (9)
74–113

n/a 103 (12)
77–116

Blocks
completed

27 (3)
17–28

26 (4)
15–28

27 (2)
24–28

27 (2)
23–28

27 (3)
19–28

28 (2)
19–28

27 (2)
22–28

27 (3)
18–28

HC 0.38 (0.80)
−0.9–1.8

0.78 (0.69)
0–2.3

1.0 (0.85)
−0.1–2.7

1.1 (1.0)
−0.5–2.3

0.58 (1.3)
−1.2–3.2

0.99 (1.3)
−0.6–3.4

0.99 (1.3)
−1.8–3.4

0.84 (1.2)
−1.3–3.2

Mean (SD); Range. Early Learning Composite Score (ELCS); Head circumference z-score (HC).

Table 2 | Attrition rates for entire sample of infants.

HRA LRC Total

3 months 6 months 9 months 12 months 3 months 6 months 9 months 12 months

Included 17 (94%) 12 (67%) 8 (62%) 6 (43%) 13 (100%) 18 (78%) 21 (78%) 21 (68%) 116 (74%)

Excluded: refused
cap; fussed-out

0 (0%) 0 (0%) 1 (8%) 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1 (3%) 3 (2%)

Excluded: <14
blocks administered

1 (6%) 4 (22%) 2 (15%) 5 (36%) 0 (0%) 1 (4%) 1 (4%) 2 (6%) 16 (10%)

Excluded: no usable
channels in ROI

0 (0%) 2 (11%) 2 (15%) 3 (21%) 0 (0%) 4 (17%) 4 (15%) 7 (23%) 22 (14%)

with a random inter-trial interval of 500–1500 ms. Each block
lasted ∼16 s and was separated by a silent pause of vary-
ing duration (15 s minimum). In general, the examiner ini-
tiated subsequent blocks after the 15 s silent pause that fol-
lowed each block; however, in instances in which the infant
became upset the experimenter would initiate the subse-
quent block only after the infant was no longer fussy. Up
to 28 blocks were presented in one of two semi-randomized
sequences.

PROCEDURE
Data were acquired in a dimly lit electrically- and acoustically-
shielded room. Infants were seated on their caregivers’ lap. During
the visit, infants completed three tasks in the following order:
(1) a NIRS experiment examining facial identity and emotion
processing, (2) an upright-inverted face eye-tracking paradigm,
and (3) the task reported here, a NIRS language processing
paradigm. For this task, each block was initiated by an exam-
iner who monitored the infant’s movement. Blocks were pre-
sented until a total of 28 were completed or until the infant
no longer tolerated the task. Infants were also presented with a
continuous video of different moving shapes. If infants became
uninterested in the video or upset, an experimenter used silent
toys and bubbles in an attempt to keep the infant calm and
still. Infants who became fussy were permitted to nurse, feed

from a bottle, or to eat in order to expose them to as many
blocks as possible. While these techniques have the potential to
introduce motion artifacts, prior electrophysiological studies (a
methodology more susceptible to motion artifacts than NIRS)
have demonstrated sufficient amounts of artifact-free data can
be acquired under similar circumstances. A subset of infants
fell asleep during the course of the experiment; in these cases,
the experiment proceeded as described above as most infant
fcNIRS studies have been completed during natural sleep. Given
the nature of the study visit (which required awake infants to
attend to visual stimuli prior to the current experiment) and
infant experimental research in general, infant state varied across
the task (i.e., including awake and attending to visual infor-
mation, eating or nursing, and/or asleep). Because connectivity
measures are dependent on levels of wakefulness and arousal
(e.g., awake vs. asleep; see Heine et al., 2012, for review) as
well as task-related activation (e.g., Arfanakis et al., 2000), we
examined whether groups differed with respect to the frequency
of attentive, feeding, and sleeping states across the task. Based
on notes taken from each visit, infant state was coded accord-
ing to three broadly defined categories: (1) visual attention:
infant watched video, bubbles, and/or silent toys, (2) feeding:
infant nursed, fed from a bottle, or ate, and (3) sleep: infant
fell asleep. Relative to the total number of blocks completed,
infants were coded as whether they spent 0%, <50%, or ≥50%
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of their time in each state. Distributions of visual attention, feed-
ing, and sleeping between groups were compared at each age
using chi-squared tests (see Figure 1). Groups only differed sig-
nificantly in the distribution of sleep at 3-months, X2(2, n =
30) = 6.3, p < 0.05, with a greater percentage of HRA infants
sleeping relative to LRC infants. Furthermore, to confirm that
variability of NIRS signal did not differ between groups, the root
mean square (RMS) of the average ROI time courses was cal-
culated (Larson-Prior et al., 2009). RMS did not differ between
groups for any ROI at any time point with the exception of
the left anterior ROI at 6-months, t(28) = 2.1, p < 0.05, where
the LRC group had significantly larger RMS compared to the
HRA group.

NEAR-INFRARED SPECTROSCOPY (NIRS)
Acquisition and processing
A 24-channel Hitachi ETG-4000 NIRS system was used to
measure levels of oxy- and deoxy-hemoglobin (oxy-Hb and
deoxy-Hb). Two wavelengths of light (695 and 830 nm) were
used to detect hemodynamic responses with a sampling rate of
10 Hz. The NIRS probes were arranged in two 3 × 3 chevron

arrays, each with five incident and four detecting fibers with
3 cm spacing. Each pair of emitting-detecting fibers defines a
single channel. Probes were attached to a soft hat designed
for infants (see Figure 2). NIRS probe sets were upgraded over
the course of our longitudinal study. There was no significant
difference between groups for the number of data sets collected
with each probe set at 3-, 9-, or 12-months (p > 0.4); at 6-
months, groups did differ on the distribution of data collected
with old (HRA n = 9; LRC n = 22) vs. new (HRA n = 5; LRC
n = 0) probes (p < 0.05). However, at the ages at which signif-
icant group differences emerged (i.e., 3- and 12-months), there
were no significant main effects of probe type (new, old) or inter-
actions between probe and group (p > 0.3) for overall mean
connectivity.

Analyses were conducted on NIRS data that were acquired
continuously 5 s prior to the onset of the first block until
10 s after the end of the final block. Average time series dura-
tion was approximately 15 min and did not differ between
HRA and LRC groups at any age (ps > 0.3). Based on light
intensity detection through each channel, relative concentrations
of oxy-Hb and deoxy-Hb were calculated for the absorbance

FIGURE 1 | Coded behavioral data for time spent attending to visual stimuli, feeding, and sleeping for LRC and HRA groups at 3-, 6-, 9-, and

12-months.
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FIGURE 2 | Four regions of interest (ROI) selected from anterior and

posterior recording sites on each hemisphere. Gray circles represent
channels included in anterior ROIs; black circles are channels included in
posterior ROIs. Probes not included in ROIs are depicted in white. Smaller
red and blue circles represent infrared emitters and detectors, respectively.

of each wavelength using the modified Beer-Lambert law. Data
were then band-pass filtered (0.008 < f < 0.08) and the
linear trend was removed. Next, given the impact of head
motion on functional connectivity measured using fcMRI (Power
et al., 2012; Van Dijk et al., 2012), a series of quality con-
trol procedures were conducted to insure that only artifact-
free data were included in the functional connectivity anal-
ysis. First, individual time points were censored if the raw
signal exceeded 4.95 (indicating saturation signals) or if total-
Hb change exceeded 0.3 mM∗mm within a two sample time
window. Next, for each channel, the RMS of the first tem-
poral derivative was calculated for the oxy-Hb signal; chan-
nels were excluded if the RMS exceeded a threshold of 0.25
or if more than 50% of time points exceeded saturation
threshold.

Functional connectivity analysis
Similar to previous studies investigating functional connectiv-
ity in infants using NIRS (Homae et al., 2010, 2011), we chose
to focus on oxy-Hb, as the oxy-Hb signal has a higher signal-
to-noise ratio than deoxy-Hb (Tong and Frederick, 2010) and
overlaps to a greater degree with functional networks defined
by the fMRI BOLD signal (Duan et al., 2012). Four regions of
interest (ROI) were selected from anterior and posterior loca-
tions for each hemisphere (LA, left anterior; LP, left posterior;
RA, right anterior; RP, right posterior) (see Figure 2). The aver-
age time course for each ROI was calculated from signals from
usable channels within each ROI. Because findings of over- and
under-connectivity in ASD-related studies may be associated with
specific methodological choices (Muller et al., 2011), we chose to
examine the data using two separate pipelines–with and with-
out task regression. For the task-regression pipeline (referred to
below as intrinsic connectivity), task-related signal fluctuations
were removed in order to examine intrinsic cortical connectivity.
Task regressors for both ABB and ABC conditions were included
in a general linear model to remove hemodynamic responses
associated with auditory stimuli. Next, correlations between the
residual time courses for each ROI pair (for all 6 ROI pairs)
were computed. For the non-task-regressed pipeline (referred to

below as co-activation connectivity), task related activation was
not removed. Instead, correlations between mean time courses for
each ROI pair were computed. For both pipelines, ROI pair cor-
relations were transformed using Fisher’s r to z’ transformation.
Next, mean z’ scores were created for all (all 6 ROI pairs), inter-
hemispheric (LA-RA, LA-RP, LP-RA, LP-RP; which includes both
homo- and hetero-topic connections), and intra-hemispheric
(LA-LP, RA-RP) ROI pairs. Finally, differences in functional con-
nectivity were examined in a cross-sectional manner at 3-, 6-, 9-,
and 12-months. Z-transformed data were entered into a series of
independent-samples t-tests to assess between-group differences
in connectivity at each time point. A secondary bootstrap analysis
(10,000 iterations) was used to confirm t-test results. Shapiro–
Wilk test of normality confirmed the data for each group met
the normality assumption for tests that showed between-group
differences. All statistical analyses were performed using SPSS,
version 18.0.0.

RESULTS
Intrinsic and co-activation connectivity z-scores for all ROI
pairs for both HRA and LRC groups at 3-, 6-, 9-, and
12-months are shown in Figure 3. At 3-months, differences
between HRA and LRC infants for intrinsic connectivity were
present only for the LA-RP ROI pair, t(28) = −2.3, p < 0.05.
More robust group differences emerged for co-activation con-
nectivity as HRA infants showed marginally increased over-
all functional connectivity, t(28) = −2.0, p = 0.054. This was
mainly due to increased connectivity for intra-hemispheric ROI
pairs, t(28) = −2.3, p < 0.05. Analysis of individual ROI pairs
revealed significantly increased connectivity between LA-RP,
t(28) = −2.5, p < 0.05, and marginally increased connectivity
between LA-LP, t(28) = −1.8, p < 0.1, in HRA as compared
to LRC infants. Results for both intrinsic and co-activation
t-tests at 3-months were confirmed by a bootstrap analysis
(10,000 iterations).

There were no significant differences between any average z’
score or individual ROI pair for either intrinsic or co-activation
analysis at 6- or 9-months (all p > 0.4). However, by 12-months,
LRC infants showed increased intrinsic connectivity relative
to HRA infants. Specifically, LRC infants had increased intra-
hemispheric connectivity relative to HRA infants, t(20.7) = 2.3,
p < 0.05, which was primarily due to significantly increased con-
nectivity of the LA-LP ROI pair, t(25) = 2.7, p < 0.05. Increases
in global connectivity did not reach significance; however, as
can be seen in Figure 4, differences in connectivity across the
first year of life shift from marginally increased connectiv-
ity for HRA infants at 3-months to increased connectivity for
LRC infants by 12-months. Findings for co-activation connec-
tivity were identical to intrinsic connectivity results; relative
to the LRC group, the HRA group showed decreased con-
nectivity for intra-hemispheric connections, t(22.2) = 2.5, p <

0.05, which was driven by significantly decreased LA-LP con-
nectivity, t(25) = 2.7, p < 0.05. Results for both intrinsic and
co-activation t-tests at 12-months were confirmed by a boot-
strap analysis (10,000 iterations) with the exception of mean
intra-hemispheric connectivity, which was marginally increased
in LRC infants for co-activation analysis, t(25) = 1.6, p < 0.1,
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FIGURE 3 | Intrinsic (left column) and co-activation (right column) connectivity for HRA and LRC groups at 3-, 6-, 9-, and 12-months for all six ROI

pairs. Error bars represent one standard error of the mean. ∗p < 0.1, ∗∗p < 0.05.

and no longer significant for intrinsic analysis, t(25) = 1.5,
p > 0.1.

DISCUSSION
The current study is the first to use NIRS to examine func-
tional connectivity in infants at-risk for developing ASD. Our
preliminary findings suggest that divergent patterns of functional

connectivity emerge across the first year of life. Whereas LRC
infants showed a pattern of increasing functional connectiv-
ity from 3- to 12-months, HRA infants exhibited a pattern
of decreasing connectivity. These contrasting patterns resulted
in increased connectivity at 3-months in HRA compared to
LRC infants and, by 12-months, decreased connectivity in HRA
compared to LRC infants.
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FIGURE 4 | Group differences in mean z’-scores for global connectivity

and intra- and inter-hemispheric connectivity measures at 3-, 6-, 9-, and

12-months for task-regressed, intrinsic functional (left column) and

co-activation (right column) connectivity pipelines. Positive scores reflect
LRC > HRA; negative scores reflect HRA > LRC for connectivity measures.
Error bars represent one standard error of the mean. ∗p < 0.1, ∗∗p < 0.05.

Differences in functional connectivity at 3-months suggest
that prenatal or early postnatal differences in brain connectiv-
ity exist in infants at-risk for ASD. A comparison to the findings
of Wolff et al. (2012), which previously reported early connec-
tivity differences in at-risk infants, is difficult because the study
did not include a neurotypical comparison group. However,
findings from other DTI studies suggest elevated indices of
white matter connectivity and, perhaps, accelerated white mat-
ter growth (Ben Bashat et al., 2007; Weinstein et al., 2011),
which is followed by reduced FA in school-aged children, adoles-
cents, and adults with ASD (Travers et al., 2012). Our findings
of increased functional connectivity at 3-months is in agree-
ment with the idea that, early in development, individuals with
(or at-risk for) ASD may potentially have diffusely increased
connectivity.

However, similar to Dinstein et al. (2011) fcMRI study of tod-
dlers with ASD, our preliminary 12-month results show reduced
connectivity of both anterior and posterior inter-hemispheric
connections (albeit not significantly so). Further, our results show
that, at 12-months, HRA infants have reduced intra-hemispheric
connectivity (both co-activation and intrinsic) for the left hemi-
sphere compared to LRC infants. These results, in conjunction

with weaker inter-hemisphere connectivity of inferior frontal and
superior temporal gyri reported by Dinstein et al. (2011), sug-
gest that early atypical development of the language-processing
network may exist in infants and toddlers at risk for or diag-
nosed with ASD. Although we are currently unable to deter-
mine whether differences in connectivity at 3- and 12-months
were driven by infants that will later go on to meet diag-
nostic criteria for ASD, the results add to a growing body
of evidence suggesting that atypical connectivity may be an
potential endophenotype for ASD (e.g., Barnea-Goraly et al.,
2010).

Previous functional connectivity studies in neurotypical adults
have shown state (e.g., awake vs. asleep) may alter degree of net-
work connectivity (see Heine et al., 2012, for review). Although
state-dependent deviations in connectivity may be network-
specific and vary according to level of wakefulness [e.g., descent
to sleep (Larson-Prior et al., 2009) vs. deep sleep (Horovitz
et al., 2009)], reduced levels of awareness are generally associated
with decreased levels of connectivity. In the current study, NIRS
data were acquired during different levels of wakefulness and
arousal. Differences in the distribution of visual attention, feed-
ing, and sleeping were similar for HRA and LRC infants except at
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3-months where a larger proportion of at-risk infants slept during
the task compared to the LRC infants. Assuming similar prop-
erties of connectivity dynamics exist in the infant brain (which
remains undetermined as no study to date has examined differ-
ences in functional connectivity in sleep-wake states in infants),
we would assume that high-risk infants would show reduced con-
nectivity relative to LRC infants based on state alone. However,
our results show that infants at-risk have increased connectivity
relative to low-risk infants despite spending a larger portion of
the assessment sleeping.

Although infants at risk for ASD have been shown to have sim-
ilar brain volume measurements at 6-months compared to LRC
infants (Hazlett et al., 2012; Shen et al., 2013), ASD is associated
with accelerated brain growth over the first years of life (Redcay
and Courchesne, 2005; Shen et al., 2013). Lewis and Elman (2008)
hypothesized that early overgrowth results in atypical patterns
of connectivity, specifically reduced long-distance connectivity,
and demonstrated that developmental differences in connectivity
emerged at between 12 and 24 simulated months using a neu-
ral network model. Further, Lewis et al. (2009) have shown that
larger brains are associated with reduced long distance connectiv-
ity (potentially due to increased conduction delays and cellular
costs associated with long-distance connections), and that cor-
pus callosum size in individuals with ASD is inversely related
to intracranial volume (i.e., larger brain, smaller corpus callo-
sum) (Lewis et al., 2012). Although the current study did not
find any between-group differences in head circumference, future
studies may wish to examine the relations between trajectories
of brain size or head circumference and the emergence of group
differences in patterns of anatomical and functional connectivity.

Lastly, the current study employed task-regressed, intrinsic
and non-task-regressed, co-activation analyses as task regression
in fcMRI studies may result in different patterns of over- and
under-connectivity in ASD (Jones et al., 2010; Muller et al., 2011).
Although general patterns of over- and under-connectivity were
consistent for both methods across 3-, 6-, 9-, and 12-month time
points, group differences (specifically, increased connectivity in
the HRA group) were more robust for co-activation analyses at
3-month of age.

LIMITATIONS
There are several limitations to the current study. First, our sam-
ple sizes, especially for the 9- and 12-month time points, are small
and therefore the current results should be viewed as preliminary
and interpreted with caution. Furthermore, small sample sizes
restricted current analyses to a cross-sectional examination of the
data. Future studies with larger sample sizes will employ longi-
tudinal statistical analyses to examine developmental trajectories
of functional connectivity across the first year of life. Second,
measurement of oxy- and deoxy-Hb responses requires trans-
mission of light through scalp, skull, cerebral spinal fluid, and
meninges; however, scalp-brain distance increases across devel-
opment and is significantly shorter in the left compared to right
hemisphere (Beauchamp et al., 2011). Additionally, the presence
of hair (which increases throughout development) can result in
the attenuation of light and result in unreliable measurements. It
is unclear how these developmental changes differentially impact

low- and high-risk infants (although see Shen et al., 2013, for
example of differences in cerebral spinal fluid); nevertheless,
future studies may wish to address these potentially confounding
issues. Third, although levels of wakefulness and arousal varied
within each infant’s visit, the distribution of infant state rarely
varied across group. Nevertheless, the current results should be
interpreted with caution as subtle variations in infant state could
have potentially impacted our group comparisons. Additionally,
while we took steps to remove time points and channels corrupted
by movement artifacts, head motion was not measured in the
current study and therefore we are unable to determine whether
group differences in motion artifacts were present. Lastly, ROIs in
the current study included large areas of lateral frontal and pos-
terior cortex and are therefore unlikely to sample homogeneous
cortical areas. As a result, our current measure has limited spa-
tial resolution, which is likely to introduce variability within our
connectivity measures.

CONCLUSIONS
Distributed functional brain networks arise from the complex
interaction of genes, environmental factors, and experience-
dependent processes. Our findings suggest that, in infants with
a family history of ASD, there are early differences in brain con-
nectivity and an atypical developmental trajectory of functional
connectivity compared to LRC infants. Because the majority of
our current sample of infants have yet to reach 36 months of age,
we do not have data regarding diagnostic outcome. Therefore,
our current analysis has only examined whether risk for autism
is associated with differences in connectivity (i.e., an endophe-
notype), rather than whether infants that are later diagnosed with
ASD exhibit unique patterns of connectivity in the first year of life.
In conjunction with previous findings (e.g., Barnea-Goraly et al.,
2010), the current results suggest that atypical network connec-
tivity may represent a putative endophenotype in ASD. Although
our findings are in accord with other functional and structural
connectivity studies of high-risk infants and toddlers with ASD
(Dinstein et al., 2011; Wolff et al., 2012), our results should be
interpreted with caution given the small sample sizes. Ongoing
data collection will provide a larger sample for more sophisticated
longitudinal analyses, as well as the ability to examine whether
differences in connectivity exist between high-risk infants that do
and do not go on to develop ASD.

ACKNOWLEDGMENTS
We are extremely grateful to the families for their invaluable con-
tribution to the Infant Sibling Project. We would also like to
acknowledge the Infant Sibling Project staff—Tara Augenstein,
Leah Casner, Kristin Concannon, Kerri Downing, Sharon Fox,
Nina Leezenbaum, Vanessa Loukas, Rhiannon Luyster, Stephanie
Marshall, Anne Seery, Meagan Thompson, Vanessa Vogel-Farley,
and Anne-Marie Zuluaga—for their assistance in data acqui-
sition. Supported by NIH R01-DC010290 to Helen Tager-
Flusberg and Charles A. Nelson and The Simons Foundation
(137186) to Charles A. Nelson. Jennifer B. Wagner was sup-
ported by a NARSAD Young Investigator Abrams Award (17708).
Brandon Keehn was supported by an Autism Speaks Translational
Postdoctoral Fellowship (7629).

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 444 | 8

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Keehn et al. fcNIRS in infants at-risk for ASD

REFERENCES
Arfanakis, K., Cordes, D., Haughton,

V. M., Moritz, C. H., Quigley,
M. A., and Meyerand, M. E.
(2000). Combining indepen-
dent component analysis and
correlation analysis to probe inter-
regional connectivity in fMRI
task activation datasets. Magn.
Reson. Imaging 18, 921–930.
doi: 10.1016/S0730-725X(00)0
0190-9

Barnea-Goraly, N., Lotspeich, L. J.,
and Reiss, A. L. (2010). Similar
white matter aberrations in
children with autism and their
unaffected siblings: a diffusion
tensor imaging study using tract-
based spatial statistics. Arch.
Gen. Psychiatry 67, 1052–1060.
doi: 10.1001/archgenpsychiatry.
2010.123

Beauchamp, M. S., Beurlot, M. R.,
Fava, E., Nath, A. R., Parikh, N.
A., Saad, Z. S., et al. (2011). The
developmental trajectory of brain-
scalp distance from birth through
childhood: implications for func-
tional neuroimaging. PLoS ONE 6:
e24981. doi: 10.1371/journal.
pone.0024981

Belmonte, M. K., Allen, G., Beckel-
Mitchener, A., Boulanger, L. M.,
Carper, R. A., and Webb, S. J.
(2004). Autism and abnormal
development of brain connectiv-
ity. J. Neurosci. 24, 9228–9231.
doi: 10.1523/JNEUROSCI.3340-0
4.2004

Ben Bashat, D., Kronfeld-Duenias,
V., Zachor, D. A., Ekstein, P.
M., Hendler, T., Tarrasch, R.,
et al. (2007). Accelerated matu-
ration of white matter in young
children with autism: a high b
value DWI study. Neuroimage 37,
40–47. doi: 10.1016/j.neuroimage.
2007.04.060

Dinstein, I., Pierce, K., Eyler, L., Solso,
S., Malach, R., Behrmann, M.,
et al. (2011). Disrupted neural
synchronization in toddlers with
autism. Neuron 70, 1218–1225. doi:
10.1016/j.neuron.2011.04.018

Duan, L., Zhang, Y. J., and Zhu, C.
Z. (2012). Quantitative comparison
of resting-state functional connec-
tivity derived from fNIRS and fMRI:
a simultaneous recording study.
Neuroimage 60, 2008–2018. doi:
10.1016/j.neuroimage.2012.02.014

Gervain, J., Macagno, F., Cogoi, S.,
Pena, M., and Mehler, J. (2008).
The neonate brain detects speech
structure. Proc. Natl. Acad. Sci.
U.S.A. 105, 14222–14227. doi:
10.1073/pnas.0806530105

Gervain, J., Mehler, J., Werker, J.
F., Nelson, C. A., Csibra, G.,

Lloyd-Fox, S., et al. (2011).
Near-infrared spectroscopy: a
report from the McDonnell infant
methodology consortium. Dev.
Cogn. Neurosci 1, 22–46. doi:
10.1016/j.dcn.2010.07.004

Geschwind, D. H., and Levitt,
P. (2007). Autism spectrum
disorders: developmental dis-
connection syndromes. Curr.
Opin. Neurobiol. 17, 103–111. doi:
10.1016/j.conb.2007.01.009

Gottesman, I. I., and Gould, T. D.
(2003). The endophenotype con-
cept in psychiatry: etymology
and strategic intentions. Am. J.
Psychiatry 160, 636–645. doi:
10.1176/appi.ajp.160.4.636

Hazlett, H. C., Gu, H., McKinstry, R. C.,
Shaw, D. W., Botteron, K. N., Dager,
S. R., et al. (2012). Brain volume
findings in 6-month-old infants at
high familial risk for autism. Am.
J. Psychiatry 169, 601–608. doi:
10.1176/appi.ajp.2012.11091425

Heine, L., Soddu, A., Gomez, F.,
Vanhaudenhuyse, A., Tshibanda, L.,
Thonnard, M., et al. (2012). Resting
state networks and consciousness:
alterations of multiple resting state
network connectivity in physiolog-
ical, pharmacological, and patho-
logical consciousness States. Front.
Psychol. 3:295. doi: 10.3389/fpsyg.
2012.00295

Homae, F., Watanabe, H., Nakano,
T., and Taga, G. (2011). Large-
scale brain networks underlying
language acquisition in early
infancy. Front. Psychol. 2:93. doi:
10.3389/fpsyg.2011.00093

Homae, F., Watanabe, H., Otobe,
T., Nakano, T., Go, T., Konishi,
Y., et al. (2010). Development of
global cortical networks in early
infancy. J. Neurosci. 30:4877–4882.
doi: 10.1523/JNEUROSCI.5618-0
9.2010

Horovitz, S. G., Braun, A. R., Carr,
W. S., Picchioni, D., Balkin, T.
J., Fukunaga, M., et al. (2009).
Decoupling of the brain’s default
mode network during deep
sleep. Proc. Natl. Acad. Sci.
U.S.A. 106, 11376–11381. doi:
10.1073/pnas.0901435106

Jones, T. B., Bandettini, P. A.,
Kenworthy, L., Case, L. K.,
Milleville, S. C., Martin, A., et al.
(2010). Sources of group differences
in functional connectivity: an inves-
tigation applied to autism spectrum
disorder. Neuroimage 49, 401–414.
doi: 10.1016/j.neuroimage.2009.
07.051

Just, M. A., Cherkassky, V. L., Keller,
T. A., and Minshew, N. J. (2004).
Cortical activation and syn-
chronization during sentence

comprehension in high-functioning
autism: evidence of underconnec-
tivity. Brain 127, 1811–1821. doi:
10.1093/brain/awh199

Just, M. A., Keller, T. A., Malave, V. L.,
Kana, R. K., and Varma, S. (2012).
Autism as a neural systems disor-
der: a theory of frontal-posterior
underconnectivity. Neurosci.
Biobehav. Rev. 36, 1292–1313.
doi: 10.1016/j.neubiorev.2012.0
2.007

Larson-Prior, L. J., Zempel, J. M.,
Nolan, T. S., Prior, F. W., Snyder,
A. Z., and Raichle, M. E. (2009).
Cortical network functional
connectivity in the descent to
sleep. Proc. Natl. Acad. Sci.
U.S.A. 106, 4489–4494. doi:
10.1073/pnas.0900924106

Lewis, J. D., and Elman, J. L. (2008).
Growth-related neural reorganiza-
tion and the autism phenotype: a
test of the hypothesis that altered
brain growth leads to altered con-
nectivity. Dev. Sci. 11, 135–155.
doi: 10.1111/j.1467-7687.2007.0
0634.x

Lewis, J. D., Theilmann, R. J., Fonov, V.,
Bellec, P., Lincoln, A., Evans, A. C.,
et al. (2012). Callosal fiber length
and interhemispheric connectiv-
ity in adults with autism: brain
overgrowth and underconnectivity.
Hum. Brain Mapp. 34, 1685–1695.
doi: 10.1002/hbm.22018

Lewis, J. D., Theilmann, R. J., Sereno,
M. I., and Townsend, J. (2009).
The relation between connection
length and degree of connectiv-
ity in young adults: a DTI analy-
sis. Cereb. Cortex 19, 554–562. doi:
10.1093/cercor/bhn105

Lloyd-Fox, S., Blasi, A., and Elwell,
C. E. (2010). Illuminating the
developing brain: the past, present
and future of functional near
infrared spectroscopy. Neurosci.
Biobehav. Rev. 34, 269–284.
doi: 10.1016/j.neubiorev.2009.
07.008

Mesquita, R. C., Franceschini, M. A.,
and Boas, D. A. (2010). Resting
state functional connectivity
of the whole head with near-
infrared spectroscopy. Biomed.
Opt. Express 1, 324–336. doi:
10.1364/BOE.1.000324

Mullen, E. M. (1995). Mullen
Scales of Early Learning. Circle
Pines, MN: American Guidance
Service, Inc.

Muller, R. A. (2007). The study of
autism as a distributed disorder.
Ment. Retard. Dev. Disabil. Res. Rev.
13, 85–95. doi: 10.1002/mrdd.20141

Muller, R. A., Shih, P., Keehn, B., Deyoe,
J. R., Leyden, K. M., and Shukla,
D. K. (2011). Underconnected, but

how? A survey of functional con-
nectivity MRI studies in autism
spectrum disorders. Cereb. Cortex
21, 2233–2243. doi: 10.1093/cer-
cor/bhq296

Power, J. D., Barnes, K. A., Snyder, A. Z.,
Schlaggar, B. L., and Petersen, S. E.
(2012). Spurious but systematic cor-
relations in functional connectivity
MRI networks arise from subject
motion. Neuroimage 59, 2142–2154.
doi: 10.1016/j.neuroimage.2011.1
0.018

Redcay, E., and Courchesne, E. (2005).
When is the brain enlarged in
autism? A meta-analysis of all brain
size reports. Biol. Psychiatry 58,
1–9. doi: 10.1016/j.biopsych.2005.
03.026

Rutter, M., Bailey, A., and Lord, C.
(2003). Social Communication
Questionnaire. Los Angeles, CA:
Western Psychological Services.

Sasai, S., Homae, F., Watanabe, H.,
Sasaki, A. T., Tanabe, H. C., Sadato,
N., et al. (2012). A NIRS-fMRI
study of resting state network.
Neuroimage 63, 179–193. doi:
10.1016/j.neuroimage.2012.06.011

Shen, M. D., Nordahl, C. W., Young,
G. S., Wootton-Gorges, S. L., Lee,
A., Liston, S. E., et al. (2013).
Early brain enlargement and ele-
vated extra-axial fluid in infants
who develop autism spectrum dis-
order. Brain. doi: 10.1093/brain/
awt166. [Epub ahead of print].

Smyser, C. D., Snyder, A. Z., and
Neil, J. J. (2011). Functional con-
nectivity MRI in infants: explo-
ration of the functional organi-
zation of the developing brain.
Neuroimage 56, 1437–1452. doi:
10.1016/j.neuroimage.2011.02.073

Tong, Y., and Frederick, B. D. (2010).
Time lag dependent multimodal
processing of concurrent fMRI and
near-infrared spectroscopy (NIRS)
data suggests a global circulatory
origin for low-frequency oscillation
signals in human brain. Neuroimage
53, 553–564. doi: 10.1016/
j.neuroimage.2010.06.049

Travers, B. G., Adluru, N., Ennis, C.,
Tromp Do, P. M., Destiche, D.,
Doran, S., et al. (2012). Diffusion
tensor imaging in autism spec-
trum disorder: a review. Autism
Res. 5, 289–313. doi: 10.1002/
aur.1243

Van Dijk, K. R., Sabuncu, M. R.,
and Buckner, R. L. (2012). The
influence of head motion on
intrinsic functional connectivity
MRI. Neuroimage 59, 431–438.
doi: 10.1016/j.neuroimage.2011.0
7.044

Walker, L., Gozzi, M., Lenroot, R.,
Thurm, A., Behseta, B., Swedo,

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 444 | 9

http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive


Keehn et al. fcNIRS in infants at-risk for ASD

S., et al. (2012). Diffusion ten-
sor imaging in young children
with autism: biological effects
and potential confounds. Biol.
Psychiatry 72, 1043–1051. doi:
10.1016/j.biopsych.2012.08.001

Wass, S. (2010). Distortions and
disconnections: disrupted
brain connectivity in autism.
Brain Cogn. 75, 18–28. doi:
10.1016/j.bandc.2010.10.005

Weinstein, M., Ben-Sira, L., Levy, Y.,
Zachor, D. A., Ben Itzhak, E.,
Artzi, M., et al. (2011). Abnormal
white matter integrity in young
children with autism. Hum. Brain
Mapp. 32, 534–543. doi: 10.1002/
hbm.21042

White, B. R., Liao, S. M., Ferradal, S.
L., Inder, T. E., and Culver, J. P.
(2012). Bedside optical imaging
of occipital resting-state func-
tional connectivity in neonates.
Neuroimage 59, 2529–2538.
doi: 10.1016/j.neuroimage.2011.
08.094

Wolff, J. J., Gu, H., Gerig, G., Elison,
J. T., Styner, M., Gouttard, S., et al.
(2012). Differences in white mat-
ter fiber tract development present
from 6 to 24 months in infants
with autism. Am. J. Psychiatry 169,
589–600.

Zhang, Y. J., Lu, C. M., Biswal,
B. B., Zang, Y. F., Peng, D.
L., and Zhu, C. Z. (2010).

Detecting resting-state func-
tional connectivity in the language
system using functional near-
infrared spectroscopy. J. Biomed.
Opt. 15, 047003. doi: 10.1117/
1.3462973

Conflict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or financial relationships
that could be construed as a potential
conflict of interest.

Received: 28 May 2013; accepted: 19 July
2013; published online: 06 August 2013.
Citation: Keehn B, Wagner JB, Tager-
Flusberg H and Nelson CA (2013)

Functional connectivity in the first year
of life in infants at-risk for autism:
a preliminary near-infrared spec-
troscopy study. Front. Hum. Neurosci.
7:444. doi: 10.3389/fnhum.2013.00444
Copyright © 2013 Keehn, Wagner,
Tager-Flusberg and Nelson. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permitted which does
not comply with these terms.

Frontiers in Human Neuroscience www.frontiersin.org August 2013 | Volume 7 | Article 444 | 10

http://dx.doi.org/10.3389/fnhum.2013.00444
http://dx.doi.org/10.3389/fnhum.2013.00444
http://dx.doi.org/10.3389/fnhum.2013.00444
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Functional connectivity in the first year of life in infants at-risk for autism: a preliminary near-infrared spectroscopy study
	Introduction
	Materials and Methods
	Participants
	Stimuli
	Procedure
	Near-Infrared Spectroscopy (NIRS)
	Acquisition and processing
	Functional connectivity analysis


	Results
	Discussion
	Limitations

	Conclusions
	Acknowledgments
	References


