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FIGURE 3 | (A) Channels significant for main effects and interactions on
oxy-hemoglobin response. Channels with main effects of Face Identity
(magenta) and Emotion (green) occurred in frontal regions, while the main
effect of Group was seen in right lateral channels (yellow). Significant
interactions were seen across frontal and lateral channels (dashed circles).

(B) Channels significant for main effects and interactions on
deoxy-hemoglobin response. Channels with main effects of Face Identity
(magenta), Emotion (green), and Group occurred in frontal regions, while
significant interactions were seen across frontal and lateral channels
neighboring those significant for oxy-hemoglobin responses (dashed circles).

In the second step, ICs were selected based on mean inter-trial
cross-correlation (MITC), which is based upon the idea that neu-
ronal activation signals should be reproducible at each trial. A
high MITC indicates a condition-related independent component
(CR-IC). In the case of our experiment, “condition” referred to
the emotional state of the face stimuli (neutral or smiling), as we
were interested in analyzing the factor with potentially the greatest
distribution of connected responses across lateral face processing
and frontal emotion-responsive regions. As noted in the motor
experiments conducted by Katura et al. (2008), systemic hemody-
namic changes create global noise components while task-related
neuronal activity should localize to specific regions of the brain.
Systemic changes may, however, be associated with the task, and
will therefore have a high MITC. Although the current experi-
ment does not involve motor activity, such systemic changes may
also occur due to activation of the autonomic nervous system.
These changes are related to trials, but do not necessarily represent
localized neuronal activation. A third step using k-means cluster-
ing methods was therefore employed to categorize CR-ICs into
those representing neuronal activity involved in the two cognitive
processes of face and emotion perception, as well as a third cluster

of condition-related “noise.” Finally, we examined the response
functions of these clusters, and classified them as frontal or lateral
based upon a weight index.

ANALYSIS II: CENTROID WAVEFORMS FOR OXYGENATED AND
DEOXYGENATED HEMOGLOBIN
The centroid waveforms associated with oxy-hemoglobin and
deoxy-hemoglobin for each of the neutral and smiling condi-
tions are depicted in Figure 5. Centroids for the HRA and LRC
groups were plotted together for comparison based upon correla-
tion of waveform. The three centroids, generated separately for
each group, were very similar in timecourse. As the centroids
represent a normalized response, however, this does not yield
information about the differences in magnitude of the response.
In the case of oxy-hemoglobin, Waveform 1 (Figure 5) follows a
timecourse with a peak at 6–8 s following stimulus presentation.
This waveform remained relatively unchanged during the neutral
and smiling conditions. A second oxy-hemoglobin waveform had
similar properties, but peaked much earlier, in the 3–4 s range.
Finally, a third waveform appeared to peak very late, or even after
the 10-s time window.
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FIGURE 4 | ICA Data Analysis Diagram (adapted from Katura et al.
(2008)). IC, independent component; CR-IC, condition-related independent
component; MITC, mean inter-trial cross-correlation.

The results of deoxy-hemoglobin component clustering
paralleled those of oxy-hemoglobin, in that the shape of wave-
forms was notably similar between HRA and LRC groups.
In addition, for the LRC group, the timing of the first two
deoxy-hemoglobin waveforms (Figure 5) mirrored the timing
of oxy-hemoglobin waveforms, with the minimum value for
deoxy-hemoglobin Waveform 1 and Waveform 2 occurring just
after the maximum value for the respective oxy-hemoglobin
waveforms. Notably, there was a time delay of approximately
1.9 s between deoxy-hemoglobin waveforms for the LRC and
HRA groups that was significant for Waveforms 1 and 2 in
the smiling condition [Waveform 1: p= 0.021, 95% CI (0.31 s
3.69 s); Waveform 2: p= 0.026, 95% CI (0.24 s 3.61 s)]. The
deoxy-hemoglobin Waveform 3 for the neutral condition con-
tained very few components, and is likely due to systemic
noise.

ANALYSIS II: EXAMINATION OF COMPONENTS WITHIN CLUSTERS
The individual components assigned to each cluster are depicted
separately for each group and condition in Figure 6, along with the
centroid waveforms. A laterality index (LI) was employed using the
normalized spatial weights of each component within the cluster
in order to assign the waveform to a frontal or lateral region.
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This assignment is described on each graph in Figure 6, along
with the difference in mean normalized weight across the channels
in each region (Frontal-Lateral).

Oxy-hemoglobin Cluster 1 (corresponding to Waveform 1) was
assigned to right lateral regions, and oxy-hemoglobin Cluster 2
(corresponding to Waveform 2) was assigned to frontal regions

for the LRC group. The difference between mean weight increased
for Cluster 1, and decreased for Cluster 2, in response to smiling.
The distance from components to the centroid was significantly
greater for the neutral condition as compared to the smiling condi-
tion for LRC Cluster 2 [p= 0.0079, 95% CI (0.0829, 0.5388)]. The
third oxy-hemoglobin cluster was labeled as “mixed,” for having a
very low LI and difference of mean weight between regions. A dif-
ferent pattern emerged for the HRA group, with oxy-hemoglobin
Cluster 1 assigned to frontal regions, and a reduction in LI with
smiling. HRA Cluster 2 changed regional assignment from frontal
to lateral between neutral and smiling conditions, respectively, and
no significant differences in the distance between components and
centroid were present.

Deoxy-hemoglobin Cluster 1 was assigned to frontal regions for
both LRC and HRA groups. Cluster 2 maintained a constant right
lateral index across conditions within the LRC group, but for the
HRA group, this cluster changed from a slightly frontal index in
the neutral condition to a right lateral index in the smiling condi-
tion. This is similar to the pattern of oxy-hemoglobin Cluster 2 for
the HRA group. Cluster 3 in the neutral condition contains very
few components, and due to the unusual shape and non-specific
location of both HRA and LRC waveforms, is likely non-neural
in origin. In the smiling condition, deoxy-hemoglobin Cluster 3
demonstrates a decrease that may represent a widespread pattern
of deoxy-hemoglobin change across cortical regions. This Cluster
is assigned to frontal regions only for the HRA group.

Deoxy-hemoglobin Cluster 1 is also notable for the variability
in the rise and fall of deoxy-hemoglobin component time series
as compared to the centroid for the HRA group. An analysis of
variance in the distance between components and the centroid for
this cluster revealed that there is significantly greater variance for
the HRA group as compared to the LRC group [F(1, 64)= 1.73,
p= 0.03, 95% CI (1.06, 2.84)]. In addition, an increase in frontal
weight and channel distribution occurred only for the HRA group
during the smiling condition, causing a greater mean weight across
frontal channels as compared to neutral conditions [p= 0.0002,
95% CI (0.01437, 0.4609)].

DISCUSSION
To our knowledge this study is the first to use fNIRS to distin-
guish infants at high-risk for autism from LRC. The fNIRS method
involves a measure of metabolic activity associated with neural
responses, linking infant studies to fMRI findings in older indi-
viduals, thus the significance of this investigation is that it can
provide a key addition to our understanding of not only the tim-
ing of developmental processes involved in autism risk, but also
the broader range of face processing endophenotypes that may be
present during infancy.

The OFC is implicated in attention to social stimuli, the percep-
tion of facial emotion (Leppanen et al., 2007) and in the regulation
of autonomic responses to social situations (Schultz et al., 2000;
Dalton et al., 2005; Goodkind et al., 2011). Studies involving fNIRS
have revealed the activation of the frontal and prefrontal cortex in
the processing of social cognition and facial emotions (Blasi et al.,
2011; Minagawa-Kawai et al., 2009; Grossmann et al., 2010). In
an ERP study of infant social development by Johnson (2005),
suprasylvian structures and prefrontal cortex were found to play
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FIGURE 5 | Centroid Waveforms of Component Clusters. Each
waveform (centroid) is the mean of the components of the cluster, after
centering and normalizing points to zero mean and unit standard deviation.
Three waveforms were obtained for each of the oxy-hemoglobin (HbO:

red=HRA, pink= LRC) and deoxy-hemoglobin (HbD: blue=HRA,
cyan=LRC) components, for both the smiling and neutral conditions.
Waveforms from the HRA and LRC groups are shown together based
upon correlation.

a key role in face responses, and the early social brain network.
Further, EEG data have demonstrated that high-frequency oscil-
lations in the gamma-band (20–100 Hz) are elicited in the right
prefrontal cortex to a greater extent in response to direct gaze
from a face than in response to averted gaze (Farroni et al., 2007;
Grossmann et al., 2007). Likewise, Minagawa-Kawai et al. (2009)
characterize the observed fNIRS response to mothers in OFC as the
neural correlates of “enhanced emotional valence” in cues given by
a known social agent. Our results are consistent with prior stud-
ies, in that oxy-hemoglobin responses to the effect of smiling were
noted in right frontal cortex in a region most likely representing
OFC. It is therefore likely that the frontal responses we have mea-
sured through both oxy- and deoxy-hemoglobin changes create a
broader picture of an attentive response that is particularly tuned
to social positive affect.

The main effect of group revealed significantly greater oxy-
hemoglobin responses in lateral regions for LRC as compared
to HRA, and significantly greater deoxy-hemoglobin responses
in frontal channels for HRA as compared to LRC. There were
also numerous interaction effects between Group and Face Iden-
tity, generally revealing a greater deoxy-hemoglobin response to
mother’s face as opposed to stranger face within the HRA group
across both frontal and lateral regions. The interactive effect of
Face Identity on the greater oxy-hemoglobin response to smil-
ing versus neutral conditions was present only for the LRC
group, indicating that while the HRA group demonstrated an
oxy-hemoglobin response to smiling in OFC, the difference in
response to the smile of mother and the smile of stranger faces
was not significant. Returning to the role of OFC within the com-
plex social brain network, this lack of interaction between identity
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FIGURE 6 | Components within Clusters. Individual components assigned
to each centroid (black) are depicted separately for each group (HRA and LRC)
and condition (neutral and smiling). Oxy-hemoglobin (HbO) components are
shown in red (HRA) and pink (LRC), while deoxy-hemoglobin components

(HbD) are shown in blue (HRA) and cyan (LRC). The spatial assignment by
laterality index is indicated as “frontal,” “lateral,” or “mixed” for each cluster,
and numeric differences in mean normalized weight across regions are given
(Frontal-Lateral).

and emotional state in the HRA group might indicate a lack of
selective attention to a known social agent. At the same time, the
deoxy-hemoglobin changes seen only in the HRA group indicate
that some level of discrimination between mother and stranger is
occurring.

Despite group differences in the magnitude of the oxy-
hemoglobin response to face identity, the waveforms identified
for both HRA infants and controls were remarkably similar. The
waveform most consistent with the timecourse of face responses
was weighted toward a frontal distribution in the HRA group, and
a right lateral distribution in controls. This may be due to a differ-
ence in the hemodynamic response function of frontal regions in
infants at high-risk for autism, where patterns typically seen only
in right lateral regions in controls are dominant in frontal areas of
the at risk brain.

One prominent feature of HRA hemodynamics, however,
was the deoxy-hemoglobin differential response to mother as

compared to stranger. Taga et al. (2003) observed that while deoxy-
hemoglobin responses were not significant on a group-level in
response to visual stimuli, individual subjects demonstrated a
significant decrease in deoxy-hemoglobin that accompanied oxy-
hemoglobin responses. The timing of this response was similar
to that of oxy-hemoglobin, but reached a minimum value just
after the peak of the oxy-hemoglobin timecourse. In Analysis I,
deoxy-hemoglobin responses were reduced for stranger as com-
pared to mother in right lateral regions of the LRC group, while the
opposite effect was significant in the HRA group. Two channels in
the suprasylvian region were significant for a deoxy-hemoglobin
response to mother in the neutral condition that was greater for
the HRA group than for the LRC group, as well as an effect of
the smiling condition that reduced this response to mother’s face.
The fMRI responses of right lateralized structures associated with
face recognition have been shown to be hypoactive in autistic indi-
viduals (McPartland et al., 2004; Dalton et al., 2005; Hadjikhani
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