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Abstract

Both vision and language carry rich information useful for social understanding in the real
world, yet the neural processing of these signals have been mostly studied separately. Even most
prior work with naturalistic stimuli does not model the contributions of vision and language
signals together. Here we combined established fMRI localizer experiments, which identify social
interaction perception- and language-selective regions, with a fMRI movie-viewing paradigm in
the same individual participants (n=34). To pinpoint how multi-modal signals contribute to
movie responses, we densely labeled the movie using vision and language deep neural networks
(DNNs) and use these to predict neural responses. We found that vision model (motion and
image) embeddings of movie frames predict significant activity across the cortex, while language
model (speech, word, and sentence) embeddings of the spoken language predict well only in
portions of the STS. We find that the individually localized motion and social interaction regions
are best explained by vision model embeddings. Language regions, on the other hand, are well
predicted by speech, word, and sentence language model embeddings and, surprisingly, are as
equally well predicted by vision model embeddings. In an analysis of the vision model’s layer-
wise and unit-wise predictivity, we find that the most predictive model units in social interaction
and language regions are distinct from those in lower-level motion regions. Exploratory analyses
suggest that the most predictive vision model units in social interaction and language regions
contain social-semantic information conveyed by vision. Together, these results suggest that high-
level visual information drives neural responses across cortex, even in language-selective regions,
with varying integration of spoken language information across the STS.

1 Introduction

Humans effortlessly integrate vision and language signals in everyday social interactions. Both of
these signals carry rich social information and often occur simultaneously. How do our brains process
these simultaneous, socially-rich signals? Past work points to the superior temporal sulcus (STS) as
a hub of social processing.



The STS is famously multi-modal, with many studies finding integrative processing along its
length [1, 2]. Although the STS performs many functions, there is spatial and functional structure
that seems to support distinct types of social perception and cognition [3, 4]. For example, portions
of the posterior and anterior STS are specifically engaged when viewing visual displays of dynamic
social interactions between other agents [5-8]. Recent work found that these regions are also sensitive
to social interactions presented in an auditory modality [9], suggesting that these regions are involved
in the multi-modal extraction of social information.

Social information can also be extracted from language input. Language processing is supported
by a network of left-lateralized regions in the posterior temporal and frontal lobe that are selective
for meaningful language over many non-linguistic tasks [10]. However, while these regions extract
meaning from language input, recent work found that these regions do not respond more to social
interactions conveyed by dialogue than they do non-social monologues [11]. Interestingly, right hemi-
sphere homologues respond more to dialogue than monologue [11]. Critically, no study has compared
social visual and language responses in the same participants.

Most of this past evidence is limited to studying brain responses to unimodal, controlled stimuli.
Recent work using naturalistic movies aims to move beyond controlled unimodal experiments [12]
to study responses in more ecologically valid contexts. Much of this work has relied on measuring
correlated brain responses across participants [13, 14], leaving open questions about the specific
features driving these correlated responses. One powerful method for linking specific features to neural
responses is an encoding model approach [15-18], which fits a linear mapping between features and
neural responses. However, while this encoding model approach is becoming increasingly common in
naturalistic stimuli, it is still mostly limited to studies of isolated vision [19, 20] or language [21—
28]. It remains unclear how these regions respond when processing simultaneous vision and language
signals in an audiovisual setting.

To investigate how the brain processes simultaneous vision and language during social perception,
we used established functional localizer experiments to identify social interaction perception- and
language-selective regions in the same individual participants for the first time. We then examined
their responses to a naturalistic, audiovisual movie. We densely labeled the movie with both vision and
language deep neural network models and human annotations, which allowed us to link different movie
features to neural responses with an encoding model approach. We found that social interaction and
language regions are largely non-overlapping but during the movie they shared a similar functional
profile, with visual features dominating prediction across the cortex. Both social interaction and
language regions are also predicted by language features, but language regions are sensitive to more
levels of language processing (speech, word, and sentence). Variance decomposition analyses showed
that vision model predictivity in all regions is mostly driven by later layers, but the most predictive
units within these layers differ across vision and language regions. Finally, exploratory analyses
suggest that vision model predictivity in language regions overlaps with high-level social-semantic
information conveyed by vision.

2 Results

2.1 Little similarity between vision and language model embeddings
during natural movie

Each participant watched a naturalistic audiovisual movie: an episode of the BBC series Sherlock
(Figure la), while their whole brain fMRI activity was recorded. To operationalize the visual and
language features of the movie, we automatically extracted embeddings from vision and language
deep neural network models (Figure 1b) and collected human annotations of visual, social, and
language features in the movie. For vision models, we extracted embeddings from a motion energy
model [29, 30] and from the seven layers of AlexNet [31], which have previously been shown to predict
visual responses in high-level visual cortex [32] of the first frame of each TR (1.5s). For language,
we extracted activations from all layers of a speech transformer model (HuBERT ([33]), a word-level
semantic model (word2vec [34]), and a sentence-level transformer model (sSBERT; all-mpnet-base-v2,
huggingface.co) of the spoken content of the episode from the movie transcript. In follow-up analyses,
we ensured that the results held when using more modern vision and language models, SimCLR
and GPT-2 (Supplemental Figure S7). Human annotated features included relevant aspects of social
processing based on prior studies, including the presence of faces on screen, the presence of social



Fig. 1 A. We recorded fMRI activity while participants (n=34) watched an audiovisual, live-action episode of the
BBC series Sherlock (gure shows a cartoon representation) B. We extracted features from the movie, including
vision embeddings of the frames, language model embeddings of the spoken content, and human annotations of visual,
auditory, and social features (see full list in Methods). C. Similarity between select feature spaces during a naturalistic
movie. Each square shows the canonical correlation coe cient of a pair of feature spaces. The similarity of spaces
from vision (AlexNet), speech (HUBERT), and sentence (SBERT) embeddings was measured layer-wise. The average
across all layers is shown here. The full layer-wise similarity matrix is available in Supplemental Figure S2. D. For each
participant, we t a cross-validated encoding model using banded ridge regression to predict voxel-wise activity within
an ISC mask (Figure 2a). Performance is evaluated by calculating coe cient of determination between the predicted
and actual time series. We examine both whole brain performance and within social interaction (white outlines) and
language (black outlines) selective regions.

interactions, valence and arousal annotations, as well as other automatically extracted low-level visual
features like pixel values and hue (see full list in Methods Section 4.7).

We measured the similarity of these feature spaces over the movie with Canonical Correlation
Analysis (CCA) [35, 36]. This method nds the linear combinations of two feature spaces that maxi-
mizes their correlation, likely providing an overestimate of the correlation between multi-dimensional
feature spaces. As expected, there was high similarity between the vision model embeddings (AlexNet
and motion average correlation = 0.33; Figure 1c) and between the language model embeddings
(speech, word, and sentence average correlation = 0.84; Figure 1c). Interestingly, there was little
correlation between the vision and language feature spaces over the course of the movie (average
vision-language correlation of 0.12; Figure 1c). This result held when using 5, 10, and 100 latent
dimensions in CCA (average vision-language correlations of 0.09, 0.08, and 0.05, respectively). This
low correlation suggests that in naturalistic contexts vision and language convey di erent informa-
tion and facilitates future analyses investigating the brain responses to these signals [37, 38]. We also
found that the human annotated social interaction feature was correlated with both the language
model embeddings of the spoken content and, to a lesser extent, the motion model features (Figure
1c), emphasizing the multi-modal nature of social interaction recognition in naturalistic settings.

2.2 Visual features of the movie dominate prediction across cortex, while
sensitivity to language varies

We linearly mapped the feature spaces (including deep neural network embeddings and human-
annotated features) over the course of the movie to fMRI BOLD responses using banded ridge
regression (Figure 1d). To reduce computational cost and limit analyses to voxels with stimulus-driven

signal, we computed an intersubject correlation (ISC) mask and performed voxel-wise encoding within
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