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Figure 8. Developmental change in pSTS. The pSTS showed evidence of developmental change
across several analyses. (A) @2%+/H:%!-:+5)/,+ . Each plot depicts the average correlation between
timecourses from movie ssROls in a particular age group and the mean 3-year-old or mean adult
timecourse from movie ssROIs. Note that for each 3 year old or adult, the correlation to the mean 3-
year-old or adult timecourse was calculated separately for each subject, after excluding that subject
from the calculation of the mean timecourse. Movie responses in the 3-year-old pSTS were initially
better predicted by the mean 3-year-old than the mean adult timecourse, with the opposite pattern
emerging at older ages. (B) <%*&,('==>'22/+2!(%6&,+6%8&ach plot depicts the average
correlation between timecourses from movie ssROls in a particular age group and the mean
traditional ssROI timecourse in adults, either temporally shifted backwards by one TR (to simulate a
“lagging” response; light orange) or with no temporal shift applied (dark orange). Movie responses in
the 3-year-old pSTS are initially better predicted by the shifted mean adult timecourse than by
unaltered (non-shifted) timecourse, with the opposite pattern emerging at older ages. (C) P/29%K
=%3%:5/'=!-:+5)/,+# Each plot depicts the same child-adult interregional correlations for pSTS
shown in Figure 6, but now additionally including mean timecourses from three regions involved in
theory of mind processing: the temporal parietal junction (TPJ), Medial Prefrontal Cortex (MPFC),
and precuneus (PC). Movie timecourses in the 3-year-old pSTS show stronger correlations to FFA
and LOC than to the theory of mind regions. However, this pattern shifts with age, such that older
children’s pSTS shows stronger correlations to TPJ, MPFC, and PC than to FFA or LOC. All error
bars depict the standard error of the mean.
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which is interdigitated with, yet distinct from the ToM network (DiNicola, 2020). Given that the
ToM ROls used here were group defined, rather than functionally defined (as is necessary to
distinguish the episodic memory network from the ToM network), our paradigm cannot
distinguish these possibilities. Whatever the case for RSC, these analyses support the idea that
pSTS development reflects increasingly sophisticated social processing and/or integration with
other higher-level social cortical regions with age.

Discussion

Here we provide an approach for using short, child-friendly movie stimuli to study early brain
development with fMRI. We found that even a small amount of movie data can be used to
identify subject-specific functional ROIs. Despite the richness of the movie stimuli, we observed
distinct activation profiles in face, scene, and object regions that reflected their well-known
functions. This method was sufficiently powerful to identify specific regions in children as young
as three years old, and also to detect ongoing developmental change, with particularly clear
age-related change in the pSTS. Taken together, our results help pave the way for future
pediatric studies using movie stimuli, and shed new light on both the early emergence and later
development of face, scene, and object regions.

At the broadest level, this work shows that even a single presentation of a 5.6 minute
long commercially-produced movie is sufficient for a complete, valid developmental cognitive
neuroscience experiment. It is possible to i) define ssROls, ii) independently extract movie
responses from those same ssROls, iii) explore the nature of the resultant functional profiles,
and iv) test the similarity of functional profiles across regions and groups. To facilitate others
interested in using this movie ssROI approach, group-average timecourses from all regions
tested here are made publicly available with this manuscript. Our success in defining face-,
scene-, and object-selective ssROIs complements prior studies showing that this same movie
could successfully define ssROls for regions of the theory of mind network and pain matrix in
adults (Jacoby, 2016) and evoke distinct responses in these networks in children (Richardson,
2018; Richardson et al., 2018). Our findings also dovetail more generally with other work
harnessing movie data to study predictive processing (Richardson, 2020; Lee, 2021), event
structure processing (Baldassano, 2017), and individual differences (Vanderwal, 2017;
Richardson, 2018; Finn, 2021). Taken together, these studies highlight the power of even a very
short movie to efficiently evoke a broad set of functional profiles, well beyond that possible with
a traditional, highly constrained experiment. The potential of the movie approach is further
underscored by our findings of reliable differences between young children (i.e., 3 year olds)
and adults that might have been missed had we only used a traditional paradigm (i.e., testing a
more limited set of conditions with a more constrained set of analyses) or focused only on older
children (e.g., > 5 years of age) who are easier to scan.

Our results complement a growing body of work showing dissociable responses among
face, place, and object regions by childhood (Golarai et al., 2007; Scherf et al., 2007; Cantlon et
al., 2011; Scherf et al., 2011) and infancy (Deen et al., 2017; Powell et al., 2017), but go beyond
those studies in two key ways. First, we find such dissociable function using the particularly
strong test of a totally uncontrolled naturalistic movie paradigm. That is, despite the lack of
constraints for how the stimulus must be viewed (e.g., subjects were not required to maintain
fixation), the complex nature of the stimulus (i.e., the movie was not manipulated in any way to
better isolate face, scene, or object information), and a difference of more than twenty years
visual experience, responses in face, place, and object regions were already strongly correlated
with their adult counterparts by three years of age. Second, whereas most previous
developmental studies have focused on domain selectivity for faces, scenes, or objects, here
we find functional dissociations even between regions that share a domain of information
processing (e.g., between FFA and pSTS, which are both selective for faces). This finding
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suggests that functional dissociations within each network have already begun to emerge by
early childhood.

In addition to early emerging function, our study also found evidence of protracted
developmental change, particularly in the face-selective pSTS, where developmental change
could not be explained by confounds of increasing data quality or attention with age. This finding
is consistent with work using traditional paradigms, which has found that responses to faces and
socially relevant stimuli are present in pSTS by infancy and early childhood (Otsuka et al., 2007;
Lloyd-Fox et al., 2009; Powell et al., 2017; Richardson, 2021), but undergo protracted
development late into childhood (Scherf et al., 2007; Ross, 2014; Walbrin, 2020) but see
(Golarai et al., 2007). This work also fits with a broader literature suggesting that higher-level
social regions in general, beyond the pSTS (e.g., the theory of mind network) undergo
protracted development across childhood (Saxe, 2009; Gweon, 2012; Moraczewski, 2018;
Richardson et al., 2018; Richardson, 2020). Notably, the movie paradigm used here provides
additional insights about the development of pSTS, beyond that captured in previous studies. In
particular, we found that the 3-year-old pSTS i) was better predicted by other young children
than by adults, ii) showed temporally-lagging responses relative to adults, and iii) showed
weaker correlations to other higher-level social regions than adults. These findings support the
intriguing possibility that pSTS development involves not only the refinement of an adult-like
functional profile, but also more qualitative developmental change. Importantly, however, future
work using more tightly controlled paradigms will be required to establish more precisely how
the function of pSTS changes across childhood.

Importantly, despite the successes above, this paper also highlights potential
shortcomings of the movie approach. For example, although we show that even a short, child-
friendly movie can significantly improve ssROI localization, we also show that the movie
localizer does not perform as efficiently as a traditional localizer, at least for the particular, short
movie we used and the regions we tested here. The advantage of the traditional approach likely
stems from the fact that almost every minute is used to measure the contrast-relevant activity,
whereas the commercially-produced movie is designed primarily for entertainment.
Consequently, we suggest that traditional localizers are still preferable for focused investigations
of particular functional regions, especially in populations that can tolerate longer fMRI
experiments. An important question for future work will be to investigate whether movie
localizers always fall short of traditional localizers, even in typical adults when much more data
can be collected per subject. Intriguingly, one study involving ~10-20x more movie data per
subject (i.e., ~50 to 120 minutes) defined face-selective activation in individual subjects using
hyperalignment (Haxby, 2011), and found that that this method identified individual face
activation close to or as well as traditional functional localizer experiments (Jiahui, 2020). While
promising, however, it is unclear if this result would hold if the amount of movie data and
traditional localizer data (i.e., ~15 to 20 minutes) were matched. In any case, even if traditional
localizers ultimately do perform more reliably than movie localizers, there are many contexts in
which a short movie localizer might still be preferred; for example, when the experiment requires
defining many different ssROls as efficiently as possible, when working with young children or
other populations that better tolerate fMRI experiments, or when analyzing large-scale datasets
in which only a single run of a movie, and no additional traditional localizer data, was collected.
Thus, researchers will need to consider the details of their particular research question, and the
balance of power and flexibility in deciding between these approaches.

Perhaps an even more fundamental limitation of the movie approach, however, lies in
the lack of experimental control. Although the reverse correlation and DNN encoding model
analyses suggest that movie responses reflect similar functional profiles to those captured in
traditional paradigms (e.g., with FFA responding to face information, and PPA responding to
scene information), these analyses cannot establish the degree to which responses are driven
by i) lower-level information processing (e.g., low-spatial frequency or curvilinear information
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processing in FFA), ii) domain-selectivity (e.g., selective responses to faces versus scenes and
objects), iii) more specific, higher-level functions (e.g., representations of face identity or
emotion), or the precise combination thereof. Although one could in theory analyze the movie
carefully for each of these kinds of information, and then relate that information to neural
responses, the uncontrolled nature of the stimulus would likely always prevent a completely
unambiguous inference, particularly with such a short stimulus. Consequently, this work allows
for only limited claims about the precise nature of the representations that emerge and change
across childhood.

In conclusion, here we explored the promise of naturalistic stimulus approaches for
developmental fMRI, focusing on the test case of regions selective for faces, objects, and
scenes. We developed and validated an approach for defining subject-specific regions of
interest, and then used this approach to define movie ssROls in children, and explore how
responses to a movie stimulus changed over childhood. Remarkably adult-like functional
responses were detectable in all regions by just 3 years old, yet these responses also continued
to mature across childhood, with the clearest developmental change observed in pSTS.

Code availability

Summary data necessary to reproduce statistical analyses is available on OSF
(https://osf.io/kud5s/). Analysis code used to generate the findings of the study is available from
the corresponding author upon request.

Data availability

The fMRI and behavioral data collected and analyzed during the current study are available
through the OpenfMRI project (https://openfmri.org/; Link:
https://www.openfmri.org/dataset/ds000228/ DOI: 10.5072/FK2V69GD88). Average movie
timecourses from traditionally-defined face, scene, and object ROIls, which can be used to
construct regressors for movie localizer experiments in new subjects, are additionally available
through OSF (https://osf.io/kud5s/). Additional materials or data are available from the
corresponding author upon request.
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