Neural representations of implied motion in body-selective regions
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Abstract

Recent studies using encoding models that accu-
rately predict brain responses to natural images from
corresponding captions suggest that high-level vis-
ual regions encode the rich semantics of a scene, ra-
ther than merely responding to specific categories
such as faces or bodies. Here we focused on the ex-
trastriate body area (EBA) and investigated what se-
mantic content is represented in this region by ana-
lyzing the relationship between the co-occurrence of
multiple objects in large-scale natural scene captions
and EBA responses predicted by caption-based en-
coding models. We found that responses in EBA as
well as the fusiform body area (FBA) outside motion-
processing regions exhibited high correlation with
the perceived motion speed of a human body implied
in an image, suggesting that these body-selective re-
gions encode the implied motion of a human body in-
ferred from the co-occurring objects in a scene.
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Introduction

The visual system has a remarkable capacity to accurately rec-
ognize human bodies. One primary contributor of this capacity
is the extrastriate body area (EBA), which exhibits stronger re-
sponse to human body parts relative to other objects (Downing
et al., 2001). Prior research has demonstrated that this body-
selective region specializes in analyzing a static form of human
bodies by measuring fMRI responses to simplified and well-con-
trolled body stimuli (Peelen et al., 2006; Urgesi et al., 2004).

In our real world, however, humans need to recognize bodies
in a cluttered scene with diverse objects, rather than an isolated
body in a uniform background. To understand the functional
property of visual regions under such circumstances, it has be-
come increasingly popular for neuroscientists to investigate
brain responses to natural images. For example, recent studies
utilized large language models (LLMs), which generate fixed-
length vectors (embeddings) from image captions, to predict
brain responses to the corresponding natural images (Doerig et
al., 2022; Luo et al., 2023). This caption-based encoding model
showed higher capacity to predict brain responses in high-level
visual regions including EBA compared to models using cate-
gorical embeddings, suggesting that EBA represents not just a

form of human bodies but complex semantic contents of a scene.

Despite this new perspective of the neural representation in
EBA, it has yet to be understood precisely what semantic infor-
mation is represented in EBA due to the lack of interpretability
of caption embeddings. In the present study, inspired by the fact

that the semantic content of a scene is generally shaped by the
co-occurrence of multiple objects, we performed a novel analy-
sis on the relationship between co-occurrence statistics of natu-
ral scene captions and corresponding EBA responses, which led
us to the hypothesis that dynamic human action implied in static
images (i.e., implied motion) may be linked to EBA responses.
Indeed, a subsequent experiment and analysis showed that
EBA exhibited high correlation with implied motion ratings pro-
vided by humans, as well as with other body-related features.
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Figure 1: Overview of the co-occurrence analysis.
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Figure 2: (A) Top-8 co-occurrent categories for each com-
ponent (colored if the value exceeds 0.5). (B) Sample NSD
images with the frequently co-occurring categories.

Results and Discussion

Co-occurrence analysis. We used the Natural Scenes Da-
taset (NSD) (Allen et al., 2021) which contains large-scale fMRI
responses to 73,000 natural images for 8 human subjects. To
understand how object co-occurrence is linked to EBA re-
sponses, we first trained linear encoding models on mean EBA
responses to the NSD images based on the corresponding LLM
(MPNet) (Song et al., 2020) embeddings of the captions from
MS COCO (Chen et al., 2015). Then we sorted 73,000 captions



in descending order of predicted EBA response from the encod-
ing models and divided these captions into 73 groups, each con-
taining 1,000 captions. For each group, we defined a matrix us-
ing 12 MS COCO superordinate categories (person, vehicle,
outdoor, animal, accessory, sports, kitchen, food, furniture, elec-
tronic, appliance, indoor; see an example in Figure 1A) and their
co-occurrence frequency in a set of captions (Figure 1B). Next,
we performed non-negative matrix factorization to extract 3 ma-
jor co-occurrence components (Figure 1C). Importantly, each
row of the decomposed coefficient matrix reflects how strongly
each major co-occurrence component is associated with the 73
groups, thereby capturing its relationship to the magnitude of
EBA responses (high, moderate and low response for compo-
nent 1, 2, and 3 respectively, given the peak locations).

Figure 2A shows top-8 pairs of word categories with high co-
occurrence frequency for each component. As expected, com-
ponent 1 and 2 (high and moderate EBA response) included the
“person” category. Notably, it cooccurred with different catego-
ries in each component: “sports” in component 1 while “acces-
sory” and “vehicle” in component 2. We qualitatively assessed
images whose captions contain these co-occurrent categories
(Figure 2B) and found that images associated with higher EBA
responses tend to imply more dynamic human body motion.
Next, we tested this observation by collecting implied motion rat-
ings of NSD images in a behavioral experiment.

Rating experiment. We subsampled 100 NSD images of a
person for our experiment. 5 participants were presented with
an image for 3 secs and evaluated the speed of the implied mo-
tion for the person in each image on a scale of 1 to 5. We pro-
vided participants with rating criteria: 1 indicates static and 5 cor-
responds to the fastest motion they had previously seen in a
passive-viewing session in which all 100 images were succes-
sively presented before the main rating experiment.

Correlation analysis. We computed the rank correlation
between the rating scores and mean EBA responses to the 100
images for each NSD subject. As we confirmed high between-
participant reliability for the rating score (rank correlation > 0.8),
we used the scores averaged across participants for our analy-
sis. Figure 3 shows a correlation map throughout the visual cor-
tex for one representative subject with functionally defined body-
selective regions (yellow; EBA and FBA) and anatomically de-
fined motion processing regions (green and blue; MT and MST).
Consistent with previous studies on the neural representation of
implied motion (Kourtzi & Kanwisher, 2000; Lu et al., 2016;
Senior et al., 2000), we observed high correlation in the MT and
MST. Importantly, EBA and FBA outside the MT and MST also
exhibited high correlation with implied motion, corroborating our
hypothesis from the co-occurrence analysis. To quantitatively
compare these regions, we computed the proportion of vertices
with significantly high correlation for each region and subject us-

ing a permutation test and FDR correction (p < 0.05). The pro-
portion of vertices showing significantly high correlation in EBA
and FBA was comparable to that in MT (Figure 4A).

Lastly, to test the effect of other body-related image features,
we computed body size, number of people, and spatial distance
between the body and image center for each image using a seg-
mentation model (Ren et al.,, 2024), and correlated the re-
sponses with these features. We again computed the proportion
of vertices with significant correlation and found that a compa-
rable proportion of vertices represent implied motion as well as
number of people in EBA and body size in FBA (Figure 4B).

These results suggest that parts of EBA and FBA represents
the perceived implied motion of human bodies that can be
shaped by the co-occurrence of people and objects in a scene.
Future studies should extend our approach to other fMRI da-
tasets to evaluate the generalizability of our findings.

Figure 3: Correlation between responses and implied motion rat-
ings on a surface map for NSD subject 1.
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Figure 4: Proportion of vertices whose responses correlated sig-
nificantly with implied motion of the images (A) and other body-
related image features (B).
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