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Functional Organization of the Temporal–Parietal Junction
for Theory of Mind in Preverbal Infants: A Near-Infrared
Spectroscopy Study

X Daniel C. Hyde, Charline E. Simon, Fransisca Ting, and Julia I. Nikolaeva
Department of Psychology, University of Illinois at Urbana–Champaign, Champaign, Illinois, 61820

Successful human social life requires imagining what others believe or think to understand and predict behavior. This ability, often
referred to as theory of mind (ToM), reliably engages a specialized network of temporal and prefrontal brain regions in older children and
adults, including selective recruitment of the temporal–parietal junction (TPJ). To date, how and when this specialized brain organization
for ToM arises is unknown due to limitations in functional neuroimaging at younger ages. Here, we used the emerging technique of
functional near-infrared spectroscopy to measure the functional brain response across parietal, temporal, and prefrontal regions in
7-month-old male and female infants as they viewed different video scenarios of a person searching for a hidden object. Over different
conditions, we manipulated whether the person held an accurate (true) or inaccurate (false) belief about the location of the hidden object
in the videos. In two separate experiments, we observed that activity from the TPJ, but not other temporal and prefrontal regions,
spontaneously tracked with the beliefs of the other person, responding more during scenarios when the other person’s belief regarding
the location of the object was false compared with scenarios when her belief was true. These results mirror those obtained with adults to
show that the TPJ already shows some functional organization relevant to high-level social cognition by around 7 months of age.
Furthermore, these results suggest that infants may draw on similar core mechanisms to implicitly track beliefs, as adults do when
reasoning explicitly about them.
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Introduction
Humans consider the mental states, such as knowledge, desires,
and goals, to interpret and predict the behavior of others. This

ability, often referred to as theory of mind (ToM), reliably
engages a network of brain regions within the temporal–parietal
junction (TPJ) and prefrontal cortex (PFC) (Frith and Frith, 2012;
Gweon and Saxe, 2013; Koster-Hale and Saxe, 2013). Portions of
the TPJ are of special interest in this network because they are
recruited selectively for ToM in older children and adults (Deen
et al., 2015). To date, however, little is known about how and
when this specialized functional organization arises despite de-
cades of behavioral research on and interest in ToM development
(Gweon and Saxe, 2013).

At least two alternative predictions regarding functional orga-
nization for ToM can be drawn from the behavioral development
literature. Around 3 to 5 years of age, children become able to
explicitly answer questions regarding the inaccurate or false be-
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Significance Statement

Humans selectively engage a network of brain regions, including the temporal–parietal junction (TPJ), to track what others think,
an ability referred to as theory of mind. How and when this specialized brain organization for high-level social cognition arises is
unknown. Using the emerging technique of near-infrared spectroscopy with 7-month-old infants, we observed that activity of the
TPJ, but not other temporal and frontal regions, distinguished between scenarios when another person’s belief about the location
of the object was false compared with scenarios when the belief was true. These results suggest that a basic neural architecture to
understand and predict the actions of others based on their beliefs may be present from the first year of life.
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liefs (FBs) of others (Wellman et al., 2001). Some interpret this as
the major developmental milestone necessary for ToM to be con-
sidered present (Wellman et al., 2001; Apperly and Butterfill,
2009; Perner and Roessler, 2012). The prediction that follows
from this view is that the specialized functional organization for
ToM would require substantial brain development and should
not be present until approximately the time children are able to
explain their FB understanding. However, other work using im-
plicit measures such as eye gaze suggest that even infants and
toddlers may track the mental states of others, including FBs, well
before they can explain them (Baillargeon et al., 2010). Some inter-
pret these findings as evidence of early present ToM (Leslie et al.,
2004; Baillargeon et al., 2010; Carruthers, 2013). What develops
under this view is not ToM specifically, but rather the general
cognitive abilities that support the increasing verbal and cogni-
tive demands of explicit tasks. This alternative view predicts that
specialized functional organization for ToM should be present very
early in development and changes in behavioral competencies
should be associated with maturation of brain mechanisms associ-
ated with domain general cognitive abilities. Although clear, these
predictions have not been tested due to limitations in functional
neuroimaging of high-level cognition in children younger than 3
years.

Here, we provide novel insight into early functional brain
organization for ToM by applying functional near-infrared spec-
troscopy (fNIRS), a newly emerging methodological option (Ger-
vain et al., 2011), to record from prefrontal and TPJ regions as
7-month-old infants watched implicit ToM video stimuli. Seven
months was chosen because this is around the earliest age at
which evidence for implicit belief tracking has been observed
(Kovács et al., 2010; Southgate and Vernetti, 2014). Stimuli were
video clips modeled after those used in behavioral studies with
infants and the same as those used in a recent fNIRS study of ToM
with adults (Southgate et al., 2007; Hyde et al., 2015). More spe-

cifically, we showed a puppet hiding an object in one box and
then transferring it to another box, after which a person at-
tempted to retrieve it. Critically, across different clips, we manip-
ulated the extent to which the person’s belief about the location of
the object was accurate (true) or false while controlling for lower-
level stimulus features (see Materials and Methods). We reasoned
that, if the brain is already organized for ToM within the first year
of life, then activity in the TPJ should differentiate FB scenarios
from accurate or true belief (TB) scenarios, a major diagnostic
feature of ToM in behavior (Wellman et al., 2001) and what has been
found using fNIRS with adults (Hyde et al., 2015). In contrast, if
functional organization for ToM is not yet present around 7
months, then activity in the TPJ would not distinguish between
scenarios involving true and FBs. In this case, implicit belief
tracking might draw on different regions associated with other
social (e.g., more anterior superior temporal regions) or general
cognitive abilities (e.g., PFC) (Apperly and Butterfill, 2009).

Materials and Methods
Experiment 1
Participants. Participants were recruited from a database of local parents
who had expressed interest in participating in our research. Twenty
7-month-old infants made up the final dataset (N � 20, Mage � 7.37
months, SDage � 0.80 months, 15 females). Five additional infants were
excluded because they participated but contributed no useable data (n �
4, fussiness during probe placement or within first block; n � 1, unable to
obtain good signal due to hair). The study was conducted under the
approval of the University of Illinois Office for the Protection of Human
Subjects. Written informed consent was obtained from a parent or guardian
of all children before data collection began. Families were given a small
token of appreciation (book or t-shirt) or a travel reimbursement of 10
dollars for their participation.

Stimuli and design. After many previous studies of implicit ToM in
infants and toddlers, stimuli were video clips of a person interacting with
a puppet and an object in a goal-directed manner (Onishi and Baillar-

Figure 1. Overview of belief conditions presented through video clips. A, In the TB condition, a person watches as a puppet hides an object in one of two boxes and then transfers it to the other
box. After the transfer, the person reaches and successfully obtains the object. B, In the FB condition, the person watches the puppet hide the object in the first box, but turns away before the puppet
transfers the object to the other box. After the transfer, the person turns back toward the boxes and reaches successfully for the object. C, In the DP condition, the person makes the same movements
as in the FB condition, but the boxes are transparent, giving her access to the object’s location. After the transfer, the person successfully reaches for the object. Below the depictions of the stimuli
is an approximate timescale of events as they unfolded through the initial placement phase, the transfer phase, and the final reach phase. The gray box around the transfer phase highlights the
window where the conditions differ conceptually. The smaller black outlined box represents the window of interest for analyzing the brain response derived from previous work with adults (Hyde
et al., 2015).
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geon, 2005; Southgate et al., 2007; Fig. 1). All runs started with an intro-
ductory event to familiarize the infant with the particular person, object,
and puppet. Introductory events began with a novel person (always fe-
male) and a puppet waving, in turn, at the camera, after which the puppet
picked up an object located at the center of a table and placed it in one of
two boxes on the left and right sides of the table. The person then re-
trieved the object from the box to demonstrate a desire or goal to obtain
it. After a black screen to reset, the object was shown again in the center of
the screen between the two boxes with the person behind and the puppet
in front. The puppet again picked up the object, placed it in the other box,
and retreated from the stage, after which the person again retrieved it.
After another brief black screen to reset, test events started.

Introductory events were followed by three test events. In all test
events, the puppet picked up an object, put it in a box, and then moved
the object to another box. All test events ended with the person success-
fully reaching for the object. Three distinct versions of test events, or
conditions, were presented in each run, differing in the extent to which
the person’s belief was consistent with the object’s actual location. In the
TB condition (Fig. 1A), the person’s belief about the object’s location
remained true throughout the video because she watched continuously
as the puppet hid and then moved the object. In the FB condition (Fig.
1B), the person’s belief about the location of the object became inconsis-
tent with its actual location because she turned her head away shortly
before the puppet transferred the object to the second box. In the direct
perception (DP) control condition (Fig. 1C), the person also turned her
head away as in the FB condition, but the boxes were clear, allowing
perceptual access to the object’s location. Even young infants have been
shown to take into account whether a person has visual access to an
object in interpreting and predicting their actions (Luo and Baillargeon,
2007; Luo and Johnson, 2009). Therefore, the DP condition was similar
to the TB condition in that the person had some visual access to the
object’s location while matching the FB condition in lower-level body
movements (e.g., head turn; for further logic regarding this control and
for sample clips, see Hyde et al., 2015).

Each run contained an introductory event followed by each of the
three test events (TB, FB, DP) presented in a random order. A total of
four possible runs were presented involving a new person interacting
with a new object each run.

Procedure. Infants sat on a parent or guardian’s lap as they were fitted
with flexible, custom-made headgear. Once the headgear, or probe, was
placed, fitted, and adjusted for signal quality (details below), overhead
lights were shut off and video clips were presented on a computer mon-
itor approximately 90 cm away. We monitored looking behavior on-
line for every infant participant using a closed circuit camera and paused
between runs as needed. Stimuli were presented until the infant became
inattentive, fussy, or after seeing four runs (each of three test conditions
presented in each run).

fNIRS recordings. While video clips were being presented, we recorded
the brain response using fNIRS. We used a TechEn CW6 (continuous
wave) NIRS system with eight light (Four 690 nm and four 830 nm
wavelength) sources and four light detectors to measure the cortical
hemodynamic response at 50 Hz from the scalp. Sources and detec-
tors were arranged into pairs with a fixed spacing of 2.5 cm to create
a custom 12-channel probe covering scalp regions corresponding to
inferior parietal, lateral temporal, and lateral PFC of the right hemi-
sphere (six temporal–parietal channels and six frontal channels; Fig. 2).
The probe was embedded into a custom-made spandex cap and optodes
were held in place by tight-fitting rubber grommets. In addition, sports
headbands and Velcro were applied to each infant as needed to steady the
head probe against movement and ensure that optodes stayed firmly
against the scalp. Ten-foot optical fibers carried light to and from the
system and the headgear.

Probes were placed relative to common scalp landmarks that corre-
spond to known 10 –20 system points (Fig. 2). Average head size of
infants in the final dataset was 43.92 cm (SD � 1.06 cm). More specifi-
cally, the anterior-most detector of the temporal portion of the probe was
always aligned directly above the middle of the ear, falling just behind the
T4 10 –20 point/T8 10 –10 point; the posterior-most channel was posi-
tioned toward the P4 landmark. The inferior-most channel of the frontal

portion of the probe fell between the C4 and F4 positions on the scalp,
with the superior-most channel of the frontal probe between the Cz and
Fz scalp positions (Fig. 2). Based on fNIRS–MRI scalp atlases, our probe
covered scalp regions associated with the TPJ, including angular gyrus,
posterior and middle superior temporal regions, and frontal lobe, in-
cluding portions of superior frontal, dorsal–lateral prefrontal, and mid-
dle frontal cortical regions (Matsui et al., 2014; Lloyd-Fox et al., 2014).
Signal strength and quality at each channel was monitored and adjusted
as needed so that an attenuation value at the beginning of the recording
was between 60 and 140 db for at least 75% of the channels.

Data processing. Data processing was conducted using freely available
Homer2 package (Huppert et al., 2009; version 2.1.0) in MATLAB ver-
sion R2014a (MathWorks). We followed a similar approach to pre-
processing as taken in our previously published fNIRS studies (Hyde et
al., 2010, 2015; Edwards et al., 2016). To start, each run of the experiment
was isolated from the continuous data and processed as a separate file to
ensure that normalization of a given run was not skewed by more or less
noisy portions of the data occurring at other times in the experiment.
Raw intensity data from each channel in each run were subjected to an
automatic pruning algorithm to identify and reject from further analysis
any channel with too high of a signal (mean intensity �1 � 10 7), too low
of a signal (mean intensity �0), insufficient signal-to-noise ratio (mean
intensity/SD of intensity �2), or source detector separation of �2 or �3
cm. Intensity data were then normalized and converted to optical density
units. To correct probe-wide artifacts such as movement-induced signal
changes, a principle components analysis was applied to identify objec-
tively and filter changes in the signal common to all channels with the
constraint to remove no more than 90% of the total variance of a given
subject’s data (Cooper et al., 2012). Resulting data were then low-pass
filtered at 0.5 Hz to remove higher-frequency noise in the data. A final
automatic algorithm was applied to detect and flag remaining portions
of data containing evidence of movement artifact, where movement was
defined as a change in the signal �0.3 optical density units over a given
sample (0.2 s) (Strangman et al., 2003; Huppert et al., 2009; Scholkmann
et al., 2010; Cooper et al., 2012). Such artifacts were masked 2 s before to
2 s after the data sample(s) containing the artifact and trials (�2 before to
42 after stimulus onset) that contained such masks were rejected from
further analysis. Incomplete runs at the end of the experiment, often due
to fussiness or inattentiveness, were also dropped from the analysis. Fi-
nally, data were converted from optical density units to oxygenated
(HbO), deoxygenated, and total Hb concentration changes using a mod-
ified Beer–Lambert law (Obrig et al., 2000; Strangman et al., 2002).

Participants who completed at least one run behaviorally without be-
coming upset and for whom any remaining data were retained after
preprocessing were included in our analysis. Participants in Experiment
1 contributed an average of 7.1 individual trials (SD � 2.47) to the final
dataset. There appeared to be no differences in the total number of trials
contributed to the final dataset between experimental conditions in Ex-
periment 1 (DP � 47, TB � 47, FB � 48).

Data analysis. We focused on changes in HbO because it has been
shown to be a more sensitive and reliable measure than deoxygenated or
total Hb concentration change and has been used successfully in other
fNIRS studies with infants (Strangman et al., 2002; Lloyd-Fox et al., 2010;
Gervain et al., 2011; Aslin et al., 2015).

Our main analysis concerned whether functional brain activity (changes
in HbO) differentiated false from TB scenarios, a critical signature of
implicit ToM. We first determined whether any channels within the
temporal probe responded more to FB scenarios than TB or control DP
scenarios between 22 and 26 s, the same functional pattern, timing, and
localization observed in adults with the same stimuli (Hyde et al., 2015).
We used a linear mixed-effects (LME) analysis on individual trials to
account for the unbalanced nature of the dataset (e.g., different numbers
of trials per condition per subject), as well as individual differences in
global signal strength. Our LME analysis was implemented in R (version
3.3.2) with the lme4 package (Bates et al., 2015; version 1.1.12). Follow-
ing the guidelines of Barr et al. (2013), we used the maximal random
effects structure justified by our design (Barr et al., 2013). This included
a fixed effects factor of belief condition (three levels: DP, TB, and FB) and
a random effects structure including random intercepts for each subject
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and random slopes of condition by subject as follows: full model � channel
HbO data � condition � (1 � condition�subject). Item-level random
effects were not justified by the highly unbalanced design and all attempts
to model them resulted in failures in model convergence. In cases of
nonconvergence of the full model, we used a backward selection proce-
dure of reducing the complexity of the random effects structure by drop-
ping the random slopes and rerunning the analyses (Barr et al., 2013). If
this analysis yielded different results, we report statistics with the less
complex random effects structure. If comparable results were obtained
with the full random effects structure and the less complex random ef-
fects structure, statistics from the model with the full random effects
structure are reported. To determine statistical significance, we first con-

ducted a likelihood ratio test (LRT) comparing the experimental model
with fixed and random effects to a reduced model that only included the
random effects to obtain a test statistic (� 2). We then conducted non-
parametric permutation tests using LRT statistics derived from 5000
random permutations of data (randomly permuting condition labels
within subjects) to calculate significance ( pN values) at each channel.
Because our infant head probe differed in optode spacing, optode ar-
rangement, and scalp placement from that used in recent, similar study
with adults (Hyde et al., 2015), a single TPJ channel of interest (COI) was
not able to be determined a priori. Therefore, a Bonferroni-corrected �
level was used as the threshold for statistical significance to correct for
multiple channel comparisons (pN � 0.05/6 channels in temporal probe or

Figure 2. Experiment 1: fNIRS probe placement and sensitivity. A, Depiction of temporal head probe positioning relative to common scalp landmarks. White circles represent 10 –10 scalp
landmarks. Red circles represent light sources and black (or blue) circles represent light detectors. Black lines connecting light sources and detectors represent data channels. Square boxes with
numbers are used to label each data channel 1–12. B, Depiction of frontal head probe positioning relative to common scalp landmarks. C, Sensitivity map (mm �1) from lateral view derived from
photon migration simulations of probe in a 3D head model (Materials and Methods for details). Values are displayed in log10 units. D, Sensitivity map from the superior view.
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pN � 0.0083). Planned follow-up contrasts were made using the mult-
comp package (version 1.4 – 6) on estimated model coefficients from
channels in which statistical significance in the overall fixed effect of
mental state condition was found. Again, Bonferroni-corrected � levels
were used to determine statistical significance in contrasts with correc-
tion for multiple condition comparisons (e.g., pairwise comparison be-
tween conditions p � 0.05/3 or p � 0.0167). The same analysis approach
with the same significance thresholds was conducted independently for
the frontal portion of the probe. The reported descriptive statistics were
calculated by aggregating over trials for each condition for each partici-
pant (unless otherwise noted).

Additional exploratory analyses supplementary to our primary analy-
sis followed to determine whether and/or to what extent other time
windows might also show trending effects of belief sensitivity. For this
exploratory analysis, we considered the average hemodynamic response
before (2–22 s) and after (26 – 42 s) our main time window of interest at
all channels. The same statistical significance thresholds were used for this
analysis as in the main analysis. However, any resulting effects were only
meant to provide some characterization of data in other channels and time
windows, so any potential trends were to be treated with caution.

Estimating cortical sensitivity of data channels. In addition to using
infant scalp fNIRS–MRI atlases to guide probe placement and thereby
estimate from what brain region each channel was measuring (Matsui et
al., 2014; Lloyd-Fox et al., 2014), we also produced a sensitivity map by
combining spatial registration of our own probe with the structural atlas
and forward modeling of photon migration (tMCimg) (Boas et al., 2002)
implemented in AtlasViewer version 2.1 (Custo et al., 2010; Aasted et al.,
2015). More specifically, we estimated the cortical sensitivity profile of
each channel in our probe by simulating photon migration in a realistic,
mesh-based 3D head model (1 million photons for each channel, see
Fang, 2010 for algorithmic details). Montreal Neurological Institute
(MNI) coordinate estimates for the center of sensitivity for each channel
were obtained from the forward models (Table 1).

Experiment 2
In a second experiment, we attempted to replicate and extend the results
of Experiment 1 using a preregistered research plan (https://osf.io/
t9gvr/). The experimental design, procedures for data quality checking
and data recording, data processing, data reduction and elimination, and
the fixed array data analysis were prespecified and almost entirely the
same as those in Experiment 1. The main difference was that we used a
modified optical head probe (Fig. 3). More specifically, we measured
over the same regions of the right TPJ, as well as a new prefrontal region,
the left medial PFC (mPFC), as a new group of infants of the same age
watched the same stimulus events presented in Experiment 1. Our pur-
pose was twofold: (1) to assess the reproducibility of the TPJ sensitivity to
beliefs observed in Experiment 1 and (2) to assess the sensitivity of a new
region, left mPFC, to beliefs in 7-month-old infants. Because a majority

of methodological details were the same as those in Experiment 1, we
primarily note differences below.

Participants. We planned and collected useable data on a larger sample
of infants (N � 30; Mage � 7.91 months, SDage � 0.76 months, 10
females). An additional 11 infants were tested but did not produce use-
able data (n � 9, fussiness during probe placement or within first block;
n � 2, incorrect head probe placement).

Video monitoring of behavior. In addition to online monitoring for
visual attention to stimuli to determine when to stop the experiment as in
Experiment 1, we also recorded video of looking behavior for post hoc
consideration. We obtained full video recordings of all trials for 28/30
infants, with partial recordings (n � 1) or no recordings (n � 1) because
of technical difficulties for 2/30 infants. Available video recordings from
testing sessions were examined frame by frame and coded by two trained,
independent coders. To determine the proportion of looking, we divided
the number of frames in which both coders agreed that participants were
looking at the video stimuli by the total number of frames. Interrater
reliability of coding (looking/not looking) was very high (M � 98%,
SD � 4%). On average, infants looked 84% (SD � 15%) of the time test
videos were playing. Such high levels of attention likely resulted from our
procedure of stopping the testing session when infants became bored,
inattentive, or upset. There appeared to be no difference in the percent-
age of looking to test videos between belief conditions (DP � 85%; TB �
83%; FB � 84%). On only 3% (5/162) of trials did infants look less 50%
of the time.

fNIRS recordings. Probes were first placed in reference to 10 –20 scalp
landmarks over right temporal regions in the same manner as in Exper-
iment 1 (above Materials and Methods and Fig. 2) and then placed over
scalp landmarks corresponding to left frontal regions (Fig. 3). Source detec-
tor spacing remained at 2.5 cm for the temporal portion of the probe as in
Experiment 1, but was extended to 3 cm for the frontal portion of the probe.
Frontal placement involved centering the two source optodes on either side
of the Fp1 10 –20 scalp position, thereby positioning detector optodes
between the midline frontal scalp sites and the lateral F3 fontal scalp site
(Fig. 3A). Cortical sensitivity of frontal channels was estimated in the
same way as all channels in Experiment 1 (Fig. 3B, Table 2). The average
head size of infants in the final dataset of Experiment 2 was 44.43 cm
(SD � 1.34 cm).

Data processing. Data processing and rejection parameters were pre-
specified beforehand and were the same as in Experiment 1. Processing
and rejection was conducted separately for the temporal and frontal
portions of the probe given that the source detector spacing was different
between them. After processing and automatic rejection of artifact-laden
data, participants contributed an average of 5.73 individual trials (SD �
2.46) to the final temporal lobe dataset and 5.76 (SD � 2.45) for the final
frontal lobe dataset. There appeared to be no differences in the total
number of trials contributed to the final dataset between the experimen-
tal conditions of Experiment 2 (temporal lobe: DP � 58, TB � 57, FB �
57; frontal lobe: DP � 58, TB � 57, FB � 58).

Looking behavior from video recordings was not used for data rejec-
tion in the primary analyses because this was not in the prespecified plan.
Furthermore, exploratory analyses eliminating trials when infants did
not look over 50% of the trial, which only made of 3% of data, did not
change any of the results reported below. Therefore, we forego any fur-
ther fNIRS data exclusion based on video recordings.

Data analyses. The primary analysis of Experiment 2 followed a pre-
registered analysis plan closely matching the approach of Experiment 1 to
test for left mPFC sensitivity to beliefs and exactly matching the approach
of Experiment 1 in an attempt the reliability of the findings of right TPJ
sensitivity to beliefs in infants (for details, see: https://osf.io/t9gvr/).

We also preregistered two other types of exploratory analyses to test
sensitivity of the new portion of our probe covering left mPFC. First, we
planned to explore sensitivity to our belief conditions in eight 4 s time
windows before and after the a priori time window of interest (22–26 s)
with a similar statistical approach as that used in our main time window
of interest analysis. Second, we planned to analyze whether the average
peak HbO response increased above baseline for any of the mPFC chan-
nels. To do this, we found the peak of the HbO response between 2 and
42 s for each trial for each subject, extracted the average response 	 2 s

Table 1. Results of analyses from all data channels in Experiment 2

Channel Region MNI �2 pN

1 Angular gyrus 58 �50 43 5.79 0.0228
2 Angular gyrus 58 �47 31 2.33 0.256
3 Superior temporal 56 �49 24 8.87 0.0038*
4 Superior temporal 56 �29 24 5.02 0.0558
5 Superior temporal 46 �35 18 5.47 0.042
6 Superior temporal 51 �20 12 7.06 0.0138
7 Middle frontal 49 20 41 5.07 0.05
8 Middle frontal 39 21 46 4.02 0.0906
9 Middle frontal 32 14 47 2.34 0.2528
10 Superior frontal 29 37 56 0.01 0.9866
11 Superior frontal 22 28 57 0.03 0.978
12 Superior frontal 15 29 63 1.09 0.534

MNI coordinates represent estimated locus of peak sensitivity. �2 statistic results from likelihood ratio tests between
full model and reduced model with only random effects. pN are p-values from permutation tests (� � 0.0083). It is
important to note that the actual cortical sources for each channel are likely more medial in the infant brain
compared with the estimates derived from an adult brain model here. * Indicates statistical significance.
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surrounding the peak, averaged the responses across the entire dataset,
and tested that value against zero (baseline) using a t test.

Additional analyses
Additional exploratory analyses were conducted to better understand
our results after they were obtained. These included a reanalysis of the
data using a functionally defined COI (fCOI) approach (Powell et al.,
2017a) to supplement the primary, fixed array analysis used in both
experiments. To do this, we defined a fCOI for each run for each partic-
ipant as the channel showing the greatest response to the FB condition
compared with the average of the TB and DP conditions [FB � (TB �
DP/2)] across the average of all other independent runs from that par-
ticipant. The search was anatomically restricted to the three most poste-
rior channels of the temporal probe (channels 1–3), given their estimated
sensitivity and our primary focus of identifying functional response dif-
ferences from the TPJ and not more anterior temporal regions. This
search was done iteratively for each run for each participant so that the
fCOI for each run was defined from independent data from that partic-
ular participant. In cases in which only one run of useable data was
obtained, we used the channel showing differential sensitivity to beliefs
from the primary fixed array analysis of Experiment 1 (channel 3; see
Results section) as the fCOI. Once an fCOI was defined from indepen-
dent data for a given run, data were extracted for each condition from
that run and analyzed using the same LME analysis approach as the
primary analysis.

Results
Experiment 1
An analysis of the hemodynamic response in temporal channels
during the a priori time window of interest (22–26 s) revealed
robust sensitivity to the belief conditions in a single TPJ channel
(channel 3, � 2(2) � 8.87, pN � 0.0038; Fig. 4). Model contrasts in
this channel showed that the HbO response was larger to the FB

condition compared to the TB condition
(� � �0.64, SE � 0.26, z � �2.46, p �
0.014) and the DP control condition (� �
�0.83, SE � 0.29, z � �2.86, p � 0.0042;
DP vs TB: � � 0.19, SE � 0.30, z � 0.63,
p � 0.527; Fig. 4A). A closer look at the full
time course of activity within this channel
revealed that, whereas activity increased for
all conditions during the earlier phases of
the test trial, only activity in the FB condi-
tion remained elevated at the beginning of
the second half of the test trial (MFB � 0.948
�M, SDFB � 1.281 �M; MTB � 0.0282 �M,
SDTB � 0.8603 �M; MDP � 0.0698 �M,
SDDP � 1.118 �M; Fig. 4B). Estimates of
probe sensitivity from photon migration
simulations and comparison of channel
scalp locations to established infant scalp
surface maps using fNIRS-fMRI (Lloyd-
Fox et al., 2014) suggest that activity in
this channel likely arises from a posterior
superior temporal region within the TPJ

(Fig. 4C). The estimated locus of maximal channel sensitivity
(MNI: 56, �49, 24; also see Table 1) is consistent with localization
of peak fMRI activity found to engage selectively for ToM in adults
(Deen et al., 2015). No additional differential sensitivity between
belief conditions was observed in any other temporal or frontal
channels after strict correction for multiple comparisons (all
pN � 0.01; Table 1). Additional exploratory analyses also failed to
find any large differences between belief conditions in temporal
or frontal regions during earlier (2–22 s) or later (26 – 42 s)
time windows (all pN � 0.03). Therefore, differences between
belief conditions appeared to be largely restricted to a single TPJ
channel and time window directly surrounding the transfer por-
tion of video clips when the person’s belief became inconsistent
with the actual object location, as was observed in a previous
study with adults (Hyde et al., 2015).

Experiment 2
In Experiment 2, we attempted to extend measurements to an-
other region of the brain thought to be important to ToM, the
mPFC, as well as to test the reliability of the TPJ findings of
Experiment 1.

Medial prefrontal sensitivity to beliefs
An analysis of the hemodynamic response over left mPFC regions
using a preregistered analysis plan revealed no global sensitivity
to the different belief conditions in any of the four channels dur-
ing the a priori time window of interest (22–26 s, all pN � 0.14; see
Table 2 for full statistics). Further exploratory analysis of the peak
HbO response of each channel revealed that only the most lateral
frontal channel in the probe (channel 10) had a peak HbO re-
sponse greater than baseline after correcting for multiple channel
analyses (� level � 0.0125; channel 10: t(57) � 3.46, p � 0.001).
However, the average timing of the peak response was much
earlier (2.69 s) than would be expected if it were a response to the
test stimulus given the known delay in the hemodynamic re-
sponse (channel 7: t(57) � 1.53, p � 0.132; channel 8: t(57) � 2.00,
p � 0.050; channel 9: t(57) � 2.31, p � 0.024). A final set of
exploratory analyses of mPFC data in other time windows,
uncorrected for multiple comparisons, revealed differential
sensitivity to the belief conditions only in the most lateral
mPFC channel (10) during the time window between 18 and

Figure 3. Experiment 2 fNIRS frontal probe placement and sensitivity. A, Depiction of frontal head probe positioning relative to
common scalp landmarks. White circles represent 10 –10 scalp landmarks. Red circles represent light sources and black (or blue)
circles represent light detectors. Black lines connecting light sources and detectors represent data channels. Square boxes with
numbers are used to label each data channel 7–10. B, Sensitivity map (mm �1) from frontal view derived from photon migration
simulations of probe in a 3D head model (Materials and Methods for details). Values are displayed in log10 units.

Table 2. Results of primary analyses of mPFC channels in Experiment 2

Channel Region MNI �2 pN

7 Superior medial frontal �11 63 8 0.92 0.554
8 Superior frontal �16 64 7 2.49 0.197
9 Superior medial frontal �14 52 4 1.39 0.454
10 Middle frontal �25 65 7 3.21 0.142

MNI coordinates represent estimated locus of peak sensitivity. �2 statistic results from likelihood ratio tests between
full model and reduced model with only random effects during the a priori time window of interest. pN are p-values
from permutation tests (� � 0.0125). It is important to note that the actual cortical sources for each channel are
likely more medial in the infant brain compared with the estimates derived from a mature brain model here.
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22 s (� 2(2) � 7.30, pN � 0.012). Pairwise model contrasts showed
that the HbO response to the TB condition was greater than both
the FB condition and the DP condition (FB vs TB: � � 0.32, SE �
0.14, z � 2.20, p � 0.028; DP vs TB: � � 0.42, SE � 0.15, z � 2.78,
p � 0.005). The timing of this effect was slightly earlier than that
seen in temporal lobe and the pattern of response suggests that
this region of the mPFC may respond more to direct or joint
attentional gaze present in the TB condition (MTB � 0.1815 �M,
SDTB � 0.7173 �M) compared with the averted gaze in the FB and
DP conditions (MFB � �0.1291 �M, SDFB � 0.6184 �M; MDP �
�0.2229 �M, SDDP � 0.6630 �M). However, given the explor-
atory nature of this analysis, including the large number of statis-
tical test runs and the lack of statistical correction for them, these
results should be treated with much caution. No other indication
of differential sensitivity between conditions was seen in any
other mPFC channels and/or time windows (all pN � 0.06; see
Table 3 for full results).

Temporal sensitivity to beliefs
An analysis of the hemodynamic response in our a priori TPJ COI
(channel 3) during the a priori time window of interest (22–26 s)
using the preregistered analysis plan replicated the differential
sensitivity to the belief conditions (channel 3, �2(2) � 6.20, pN �
0.021; Fig. 5) seen in Experiment 1. Model contrasts showed that
the HbO response in this channel was larger for the FB condition
compared with the TB condition (� � �0.42, SE � 0.16, z �
�2.60, p � 0.009; MFB � 0.2351 �M, SDFB � .7216 �M; MTB �
�0.1484 �M, SDTB � .7751 �M) and that there were no differ-
ences in the HbO response between the TB and DP condition,
exactly as in Experiment 1 (DP vs TB: � � �0.28, SE � .16, z �
�1.77, p � 0.076; MDP � 0.0896 �M, SDDP � .7365 �M). We did
not, however, observe a statistically significant difference be-

tween the FB and DP conditions (� � �0.15, SE � 0.16, z �
�0.92, p � 0.359; Fig. 5), as we did in Experiment 1.

Prespecified exploratory analyses also revealed an effect of
belief condition in one other channel adjacent to the COI (chan-
nel 2, � 2(2) � 7.61, pN � 0.0096). Model contrasts showed that
the response to the FB condition was larger than that to the TB
condition (� � �0.44, SE � 0.16, z � �2.80, p � 0.005; MFB �
0.1676 �M, SDFB � 0.5790 �M; MTB � �0.3769 �M, SDTB �
0.6828 �M), but no different from the DP condition (� � �0.23,
SE 0.16, z � �1.45, p � 0.15; DP vs TB: � � �0.21, SE � 0.16,
z � �1.31, p � 0.19; MDP � �0.0958 �M, SDDP � .8709 �M).
This pattern mirrored that observed in the a priori COI.

Additional analyses
While a majority of the temporal probe findings of Experiment 1
directly replicated in Experiment 2, two main differences were
observed. Experiment 1 showed that the infant TPJ differentiated
the FB condition from both the TB and DP condition in a single
channel, whereas Experiment 2 only showed TPJ differentiation be-
tween FB and TB in two adjacent channels. Therefore, we followed
up with several additional post hoc analyses to better understand this
difference.

Functional COI analysis of temporal sensitivity to beliefs
Based on our experience placing the probe in both experiments
and the fact that sensitivity was found to be more widespread in
Experiment 2, we suspected that more variation in probe place-
ment could have led to less clear results in Experiment 2. Specif-
ically, we found consistent scalp placement to be more difficult
when spanning both hemispheres with the bilateral head probe of
Experiment 2 compared with the fully right lateralized head
probe used in Experiment 1. To test this idea, we applied an fCOI

Figure 4. Experiment 1 results showing functional sensitivity to the beliefs of others in the TPJ. A, Estimates of least-squares means from the linear mixed model of belief condition on neural
response of channel 3 between 22 and 26 s. B, Time course of change in activity in channel 3 over the entire duration of the test videos. C, Cortical sensitivity estimates (mm �1) for channel 3 displayed
in log10 units (see Materials and Methods for additional details). Error bars indicate 	 1 SE.
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analysis method, which was shown recently to be more robust to
subtle variations in infant fNIRS probe placements than fixed
array analyses (Powell et al., 2017a), to data from both of our
experiments. We reasoned that if differences in probe placement
account for the differences in results between experiments, then
applying the fCOI method to Experiment 2 data would result in
increased sensitivity (compared with the fixed array analysis of
Experiment 2) and subsequently replicate the full functional
response pattern of belief sensitivity seen with the fixed array
analysis of Experiment 1. As a further point of comparison, if
probe placement was more consistent in Experiment 1, then re-
analyzing it using the fCOI method should not change the pattern
of results observed with the fixed array analysis.

As suspected, a reanalysis of Experiment 2 data using a TPJ
fCOI approach revealed the full pattern of differential sensitivity
to the belief conditions seen in fixed array analysis of Experiment
1, with an HbO response that was greater for the FB condition
(MFB � 0.3340 �M, SDFB � 0.5661 �M) than both the TB condi-
tion (MTB � �0.0542 �M, SDTB � 0.8882 �M) and DP condition
(MDP � �0.0052 �M, SDDP � 0.7892 �M; Overall model:
� 2(2) � 6.81, pN � 0.036; FB vs TB: � � �0.39, SE � 0.16, z �
�2.37, p � 0.018; FB vs DP: � � �0.36, SE � 0.16, z � �2.20,
p � 0.028; DP vs TB: � � �0.03, SE � 0.16, z � 0.19, p � 0.853;
Fig. 6). A reanalysis of Experiment 1 data using a TPJ fCOI rather
than the original fixed array analysis did not change the pattern of
results. With the fCOI analysis of Experiment 1 data, we observed
the full pattern of differential sensitivity to the belief conditions
seen in the fixed array analysis of the same data (MFB � 0.7978
�M, SDFB � 1.145 �M; MTB � �0.0941 �M, SDTB � 1.014 �M;
MDP � 0.0918 �M, SDDP � 1.113 �M; Overall Model: � 2(2) �
9.58, pN � 0.008; FB vs TB: � � �0.74, SE � 0.27, z � �2.75, p �
0.006; FB vs DP: � � �0.73, SE � 0.27, z � �2.72, p � 0.007; DP
vs TB: � � �0.006, SE � 0.27, z � 0.02, p � 0.982). These data
support the idea that more variation in probe placement in Ex-
periment 2 contributed additional measurement noise and ap-
plying a more sensitive analysis method that could better account
for this type variation resulted in a replication of the full pattern
of sensitivity seen in Experiment 1 and in a previous study with
adults (Hyde et al., 2015).

Overall analysis of data combined from both experiments
Finally, given that both samples were of limited size (Experiment
1, n � 20; Experiment 2, n � 30), we pooled temporal probe data
from both experiments to test statistically whether the full pattern
of functional sensitivity was robust across our entire study sample
(N � 50) or if it was more contextual (i.e., interacted with exper-
iment). A fixed array analysis on the combined dataset revealed a
robust effect of belief condition on the hemodynamic response
(� 2(2) � 13.11, pN � 0.0002). Model contrasts showed that the
HbO response was larger for the FB condition compared with
both the TB condition (� � �0.52, SE � 0.15, z � �3.48, p �
0.0005; MFB � 0.5204 �M, SDFB � 1.034 �M; MTB � �0.0763
�M, SDTB � 0.8069 �M) and the DP control condition (� �

�0.46, SE � 0.16, z � �2.86, p � 0.004; DP vs TB: � � �0.06,
SE � 0.16, z � 0.38, p � 0.701; MDP � 0.0817 �M, SDDP � 0.8977
�M). There was also an effect of experiment, with the general HbO
response being larger for Experiment 1 compared with Experiment 2
(� � �0.32, SE � 0.13, �2(2) � 4.94, pN � 0.029; ME1 � 0.3026,
SDE1 � 1.344; ME2 � 0.0439; SDE2 � 0.9060). Crucially, however,
there was no interaction between belief condition and experi-
ment (� 2(2) � 5.11, pN � 0.089). Despite Experiment 2 contrib-
uting more participants, the functional response pattern seen
with a fixed channel analysis of the combined dataset more
closely matched the full functional pattern seen in Experiment 1
and that seen in a previous study with adults (Hyde et al., 2015)
than that of the fixed channel analysis of Experiment 2. The re-
sults of this analysis provide further empirical support for the
idea that the full pattern of sensitivity, with TPJ activity differen-
tiating FB from both TB and DP, better characterizes the entire
dataset than the more limited sensitivity seen in the fixed array
analysis of Experiment 2.

Discussion
Over two experiments, an initial experiment and a replication
experiment, we observed that the functional response of the TPJ
in 7-month-old infants reliably and robustly distinguished sce-
narios involving a person with a FB from those involving a person
with true or accurate beliefs with regard to the location of an
object. These results provide the first empirical evidence to date
that infants engage temporal–parietal brain mechanisms when
viewing events claimed to evoke spontaneous (or implicit) ToM
(Southgate et al., 2007). Furthermore, this particular pattern of
neural sensitivity, distinguishing scenarios involving FBs from
those involving TBs, mirrors a critical behavioral signature many
agree is indicative of ToM (Wellman et al., 2001; Apperly and
Butterfill, 2009). The timing and pattern of these differences were
very similar to those observed in adults with the same stimuli and
brain measure (Hyde et al., 2015). Furthermore, the localization
of this temporal response was consistent with that observed in
adults using fNIRS as well as previous fMRI studies showing
belief-selective TPJ activation in explicit ToM reasoning tasks
with older children and adults (Gweon et al., 2012; Hyde et al.,
2015; Deen et al., 2015). Therefore, our results provide the first
empirical evidence that systematic functional organization rele-
vant for ToM is present in the temporal lobe within the first year
of life and run contrary to predictions that such functional orga-
nization for ToM arises only later in childhood.

We also observed some evidence in both experiments that TPJ
activity further distinguished scenarios involving FBs from a
control condition (DP), in which the averted gaze of the person
was matched with the FB condition, but the hiding locations were
transparent, allowing the person direct perceptual access to the
object’s location (similar to the TB condition). The distinction
between the FB and DP conditions provides additional evidence
that the observed functional brain response reflects sensitivity to
different mental states, or beliefs, rather than more general
socially relevant variables such as direct versus averted gaze, per-
ceptual access, or some other lower-level stimulus differences
(Heyes, 2014). It is important to note that the FB/DP difference
was only observed in the replication Experiment 2 with addi-
tional analyses not prespecified before data collection begun.
Although we provide what we think is strong rationale and em-
pirical validation for these additional analyses, we acknowledge
this as a limitation in the evidence for replication of the differen-
tiation between the FB and DP conditions in Experiment 2. Fu-
ture work should build on these findings to better anticipate and

Table 3. Results of exploratory analyses of mPFC channels in Experiment 2

Channel

Time window (s)

6 –10 10 –14 14 –18 18 –22 26 –30 30 –34 34 –38 38 – 42

7 0.902 0.684 0.673 0.099 0.218 0.703 0.282 0.928
8 0.881 0.875 0.498 0.123 0.323 0.935 0.706 0.802
9 0.739 0.497 0.600 0.279 0.370 0.779 0.950 0.960
10 0.352 0.598 0.253 0.012 0.065 0.526 0.393 0.327

Reported statistics for each channel during each time window are pN values from permutation tests of the likelihood
ratio tests between the full model and the reduced model with only random effects.
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prespecify additional analyses to account for measurement vari-
ance before data collection begins. Even considering this limita-
tion, though, we interpret the sum of the evidence across both
experiments as supporting a functional response that is sensitive
to beliefs, distinguishing FBs from both TB scenarios and DP
control scenarios.

In contrast, we did not find robust evidence of right lateral
prefrontal (Experiment 1) or left mPFC sensitivity (Experiment
2) to beliefs in infants. Although right lateral PFC is not thought
to be specifically responsive to mental states in adults, regions of
mPFC are considered part of the mature network of regions com-
monly attributed to ToM (Frith and Frith, 2012). There was a
trend in the data suggesting that a portion of the mPFC may show
a different functional response profile than the temporal lobe to
our belief conditions during an earlier time window, with a greater
response to direct versus averted gaze. However, this trend was

found through entirely exploratory methods. Although the tem-
poral portion of the ToM network may be functionally organized
for tracking sociocognitive variables relevant to ToM from
infancy, the mPFC may not or may be tuned to different socio-
cognitive variables. Further work is needed before any firm con-
clusions about the functional sensitivity of the infant mPFC in
relation to ToM can be made.

In addition to illuminating the question of when basic func-
tional organization for ToM arises, our results have implications
for psychological theories of ToM. Whether infants and toddlers
rely on the same mechanisms to track implicitly others’ beliefs as
older children and adults do to reason explicitly and answer
questions about them remains a topic of intense debate and
study (Sirois and Jackson, 2007; Apperly and Butterfill, 2009;
Baillargeon et al., 2010; Perner and Roessler, 2012; Heyes, 2014;
Scott and Baillargeon, 2017; Powell et al., 2017b; Dorrenberg et

Figure 5. Experiment 2 results showing functional sensitivity to the beliefs of others in the TPJ. A, Estimates of least-squares means from the linear mixed model of belief condition on neural
response of channel 3 between 22 and 26 s. B, Time course of change in activity in channel 3 over the entire duration of the test videos. C, Cortical sensitivity estimates (mm �1) for channel 3 displayed
in log10 units (Materials and Methods for additional details). Error bars indicate 	 1 SE.

Figure 6. fCOI analysis showing sensitivity to the beliefs of others in the TPJ in both experiments. A, Experiment 2 fCOI analysis. Bars represent least-squares means estimates from the linear
mixed model of belief condition on neural response between 22 and 26 s. B, Experiment 1 fCOI analysis.
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al., 2018). Some propose that foundational ToM mechanisms
underlie both implicit belief tracking in infancy and explicit rea-
soning about beliefs in later childhood and adulthood (Leslie et
al., 2004; Baillargeon et al., 2010; Carruthers, 2013). Others pro-
pose that implicit belief tracking in infancy draws on distinct
mechanisms from those used for explicit belief reasoning later
in life (Wellman et al., 2001; Apperly and Butterfill, 2009; Perner
and Roessler, 2012; Heyes, 2014). The fundamental challenge in
resolving this debate has been reconciling the evidence from dis-
tinct behavioral measures (implicit looking time/eye gaze vs ex-
plicit verbal or decision behavior) across the different age groups
(infants vs older children and adults) to infer mechanism. Here,
we took a novel approach to gain insight into the mechanisms
underlying infant sociocognitive abilities, measuring the func-
tional brain response to other’s beliefs in infants and comparing it
directly with what we know about the neural basis of ToM in adults.
Our findings suggest that infants engage similar TPJ mechanisms to
track beliefs as adults and older children do to reason explicitly
about them. The particular pattern of neural sensitivity seen ro-
bustly across both experiments, distinguishing scenarios involving
FBs from those involving TBs, mirrors a critical behavioral signature
many agree is indicative of ToM (for reviews, see Apperly and But-
terfill, 2009; Wellman et al., 2001). Therefore, both the functional
response and anatomical localization of this response provides sup-
port for theories of a common foundational mechanism underlying
ToM from infancy.

Although we provide evidence for a foundational mechanism
for ToM from infancy, the nature and conceptual depth of infant
ToM remains elusive. Based on the sum of available evidence, we
favor an interpretation of the observed pattern of neural sensitiv-
ity as reflecting representation and differentiation of the beliefs of
others. This strong interpretation is consistent with a growing
body of evidence across many different sources that some capac-
ity for FB understanding is already present in infancy (Scott and
Baillargeon, 2017). Our data allow us to rule out some low-level
interpretations of the differences observed between conditions,
including low-level stimulus differences, associations, and nov-
elty (Heyes, 2014; Dorrenberg et al., 2018). However, from our
data alone, we cannot entirely rule out the possibility that the
observed neural sensitivity reflects a more impoverished socio-
cognitive representation such as tracking of the accuracy of a
person’s perceptual knowledge with regard to the object. It is also
important to note that we presented scenarios in which mental
state representations were always likely to be engaged and
tested whether the infant brain was sensitive to different mental
states. This approach is qualitatively different from those that
investigate whether the brain is selectively engaged for belief pro-
cessing by contrasting stimuli likely to engage belief processing
with stimuli not likely to engage belief processing (Deen et al.,
2015). Future work should progress on both fronts to further
understand the degree of brain organization and specialization
for mental states early in life.

Regardless of interpretation, our findings have potential im-
plications for understanding atypical development. For example,
some developmental disorders such as autism show marked im-
pairments in social cognitive processing, in particular ToM,
which only become detectable by current methods in childhood
(Baron-Cohen et al., 1985). The basic knowledge of typical devel-
opmental organization and ability to study the spontaneous en-
gagement of the ToM network and associated brain correlates
within the first year of life may allow earlier monitoring of socio-
cognitive function in those at risk for such disorders.

Even if one accepts a strong mentalistic interpretation of the

data, though, this should not be taken as evidence that there is no
further developmental change for ToM. From the behavioral
work alone, it is clear that children increase in their ability to
demonstrate explicit understanding of others’ beliefs in different
tasks and across different situations (Baillargeon et al., 2010).
Furthermore, previous work has shown that the TPJ continues to
increase in specialization for processing others’ beliefs into late
childhood and this brain development has been shown to be
related to behavioral competency on explicit ToM tasks (Sabbagh
et al., 2009; Saxe et al., 2009; Gweon et al., 2012; Bowman et al.,
2015). Nevertheless, our results suggest that a central component
of the mature ToM network, the TPJ, differentiates spontane-
ously between the belief states of others in infancy and that this
sensitivity is present well before the capacity to explicitly demon-
strate ToM develops. Therefore, our results support the notion of
basic continuity in some critical brain and cognitive mechanisms
for ToM from infancy.
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