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Summary

Grasping the meaning of everyday visual events is a fundamental feat of human intelligence
that hinges on diverse neural processes ranging from vision to higher-level cognition.
Deciphering the neural basis of visual event understanding requires rich, extensive, and
appropriately designed experimental data. However, this type of data is hitherto missing. To fill
this gap, we introduce the BOLD Moments Dataset (BMD), a large dataset of whole-brain fMRI
responses to over 1,000 short (3s) naturalistic video clips and accompanying metadata. We
show visual events interface with an array of processes, extending even to memory, and we
reveal a match in hierarchical processing between brains and video-computable deep neural
networks. Furthermore, we showcase that BMD successfully captures temporal dynamics of
visual events at second resolution. BMD thus establishes a critical groundwork for investigations

of the neural basis of visual event understanding.
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Introduction

Understanding visual events is a hallmark of human intelligence that engages a distributed and
functionally diverse network of cortical regions. This complexity provides a compelling model
system for ecologically-valid cognition but is challenging to study. For example, consider a short
and simple visual stimulus in which a person opens a door. To extract the underlying meaning
of this stimulus, the brain must execute the entire visual object recognition processing cascade
to identify the most relevant objects (a person, a door) (Carandini, 2005; DeYoe & Van Essen,
1988; DiCarlo et al., 2012; Felleman & Van Essen, 1991; Logothetis & Sheinberg, 1996; Ress &
Heeger, 2003). Additionally, the brain must integrate information over time to understand the
temporal relationships between objects (the door is being opened, not closed) (Fairhall et al.,
2014; Hasson, Yang, et al., 2008; Orlov & Zohary, 2018). Finally, the extracted visual
information must be integrated with other cognitive faculties, such as memory and emotion, and
incite an appropriate behavioral response (Bainbridge, 2019; Buccino et al., 2004; Bylinskii et
al., 2022; Calvo-Merino et al., 2005; Hardwick et al., 2018; lacoboni et al., 2005; Kanske et al.,
2015; Schneider, 2013). For instance, is the person opening the door angry or frightened, why is

the person opening the door, and should | follow?

Investigation of visual event understanding requires appropriate experimental measures.
Critically, visual stimuli should consist of naturalistic videos in order to engage rich, real-life
neural processes (Berkes et al., 2011; Olshausen & Field, 1996a, 1996b; Smyth et al., 2003).
While still images are a commonly used form of naturalistic visual stimuli, they do not evoke the
same extent (Bartels & Zeki, 2004; Konen & Kastner, 2008; Press et al., 2001; Schultz & Pilz,
2009; Yildirim et al., 2019) or pattern (Buccino et al., 2004; Kret et al., 2011) of neural
responses that dynamic visual stimuli evoke. Moreover, still images cannot cover the space of
possible visual events (e.g., is the person staring or looking around?) and lack the nuances that
are critical to contextualize an event (e.g., the person is looking around in order to find a friend).
Longform movies could address these limitations, but their extended length and production edits
introduce ambiguous temporal event boundaries, long-term interactions in event understanding,
and other complications (Hasson, Landesman, et al., 2008; Roberts et al., 2013). Thus, short

naturalistic videos strike an ideal balance between ecological validity and experimental control.

In this paper, we introduce the BOLD Moments Dataset (BMD), an extensive and carefully

designed dataset of fMRI responses to a large number (1,102) of short (3 s) naturalistic videos.
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The videos are sampled from the Moments in Time video dataset (Monfort et al., 2020, 2022;
Newman et al., 2020) to facilitate collaborations with state-of-the-art computer vision models.
The videos span a wide range of events that humans may witness, varying in their novelty,
levels of motion, closeness to the observer, scenery, and more, in order to evoke a
representative range of brain responses. To enhance the potential of BMD, we also collect and
prepare a comprehensive set of video annotations (metadata) that detail behaviorally

meaningful aspects of visual event understanding.

Below, we detail the high quality of BMD and showcase its suitability for a diverse set of state-
of-the-art analysis and modeling approaches. First, we demonstrate that meaningful temporal
information can be successfully extracted from the data despite the sluggishness of the BOLD
response. We then show how the scale and quality of BMD enables integration with analysis
approaches based on deep neural network models. These modeling analyses reveal that
sentence-level descriptions of the videos better characterize neural responses compared to
simple scene- or action-labels. Finally, we show that the memorability of the videos is correlated
with brain responses in high-level visual cortex, indicating that BMD successfully taps into

complex cognitive functions involved in visual event understanding.

We contend that BMD’s encapsulation of the many aspects defining visual event understanding,
typically studied in isolation, enables an unprecedented, unified account of the complex

mediating neural mechanisms.
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Results

Sampling brain activity for 1,102 distinct visual events

[Sx Object labels: “Fox squirrel’, ...  5x Scene labels:“Tree house”’, ... )

5x Action labels: “Jumping’, ... 1x Memorability score: 0.927

5x Sentence descriptions: "A squirrel perched on top of a post hops
down fromit/; ...

1x Spoken transcription: “A squirrel in front of a wooded area standing
on top of a wooden post and then jumping off

\x Memorability decay: -0.0003 )
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Figure 1: Experimental design and data acquisition.

(A) Stimuli and metadata: The 1,102 3-second video stimuli are sampled from the Moments in Time
dataset and annotated with semantic and behavioral attributes: 5 object labels, 5 scene labels, 5 action
labels, 5 sentence descriptions, 1 spoken transcription, 1 memorability score, and 1 memorability decay
rate. (B) Object, scene, and action label word clouds: A qualitative visualization of the top 50 most
frequent object (left, green), scene (middle, red), and action (right, blue) labels. A larger word
corresponds to higher frequency of occurrence. (C) fMRI session 1: Subjects underwent T1- and T2-
weighted structural runs interspersed with resting state and functional localizer functional runs to define
category selective regions. (D) fMRI sessions 2-5: Sessions were identical in design and consisted of a
fieldmap run followed by thirteen runs (ten training runs and three testing runs) in random order. The 3-
second videos were presented on a gray background at a five degree visual angle overlaid with a red
fixation cross. Stimuli presentation was followed by a 1-second intertrial interval composed of a red
fixation cross on a gray background. Participants reported luminance changes of the fixation cross
occurring irregularly between videos with a button press and did so reliably (hit rate 0.964 +/- 0.014
(mean + SD)). (E) Region of Interest Definitions. Regions of interest for a representative subject

(subject 1), functionally (from session 1) and anatomically defined.

We sampled 1,102 naturalistic 3-second videos depicting diverse dynamic visual events from
the Moments in Time dataset (Monfort et al., 2020, 2022; Newman et al., 2020), a 1 million
video action-recognition dataset frequently used in the computer vision community to
benchmark video understanding models. The 3-second video duration, approximately the
duration of human working memory (Baddeley, 1992; Barrouillet et al., 2004; Schneider, 2013),
is an ideal length to capture brain responses to basic events (e.g. opening a door). Videos
shorter than 3 seconds risk capturing incomplete actions (e.g. extending the arm) while videos
longer than 3 seconds risk unwanted complexity by capturing ambiguous, composite actions
(e.g. leaving the house). The naturalistic nature of the videos, as opposed to images, simple
moving shapes, or synthetic cartoons, ensures that we drive and capture the full extent of neural
activation responsible for visual event understanding (Buccino et al., 2004; Kret et al., 2011,
Schultz & Pilz, 2009; Sonkusare et al., 2019).

The experimental design weighted benefits of both a large stimulus set and several stimulus
repetitions to enable a variety of downstream analyses that depend more strongly on one or the
other. We thus divided the 1,102 stimuli into two non-overlapping sets, one consisting of 1,000
stimuli with three repetitions per subject and the other consisting of 102 stimuli with ten

repetitions per subject. We use terminology common to encoding studies, naming the former set
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the training set and the latter set the testing set. This amounts to 4,020 unique fMRI trials per
participant, and 40,200 unigue fMRI trials across the entire dataset. The large number of trials
and participants enable direct comparisons of results across participants and invite potential
integration of data across participants (Hasson et al., 2004; Hasson, Furman, et al., 2008;
Haxby et al., 2011, 2020).

Brain responses were recorded with whole-brain 3T fMRI at 2.5mm iso-voxel resolution to
densely sample the widely-distributed cortical responses to video across the whole cortex
(Buccino et al., 2004; Gazzola & Keysers, 2009; Kret et al., 2011; Rizzolatti & Sinigaglia, 2010;
Yildirim et al., 2019). The fMRI experiment was splitinto 5 sessions. Session 1 (Figure 1C)
contained crucial auxiliary brain measurements, interleaving high-resolution T1- and T2-
weighted structural, video-based functional localizer (Lafer-Sousa et al., 2016), and resting state
scans (Hutchison et al., 2013; Smith et al., 2013). Sessions 2 to 5 (Figure 1D) contained the
main experiment and had identical structure. Each video trial was 4s long, consisting of a 3s

silent video presentation followed by a 1s intertrial interval.

Semantic and behavioral metadata on visual events

Revealing how the brain mediates visual event understanding requires detailed descriptions of
the different components in a visual event. We facilitate this research endeavor by providing an
extensive set of stimuli metadata from crowd-sourced experiments and deep learning tools
(Figure 1AB).

We provide the top-5 object and scene label predictions from deep neural networks trained on
object and scene recognition (i.e., a ResNet50 architecture trained on ImageNet and Places
respectively, Deng et al., 2009; He et al., 2016; Zhou et al., 2018) to annotate each event’s
basic spatial components. We next label each visual event’s relational information with 5 action
labels, 5 sentence text descriptions, and 1 spoken transcription through crowd-sourced human
experiments (Monfort et al., 2021). Action labels (e.g., “opening”) describe a core temporal
aspect of the video. Sentence text descriptions (e.g. “A man opens a door”) detail how only the
most pertinent spatial parts of the event interact over time (13.06 mean +/- 2.800 std words per
sentence). Spoken transcriptions tend to be more verbose with additional emotional and
linguistic subtleties present in speech but often not in text (e.g. “The man opened the door pretty

fast, he seemed anguished or angry”) (26.72 mean +/- 17.55 std words per transcription).
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Finally, to determine how visual event understanding interfaces with memory, we use a crowd-
sourced memory game to behaviorally measure if participants recognize a visual event at a later
time period (memorability: 0.8422 mean +/- 0.0888 std) and how this recognition performance

fades over time (memorability decay rate: -0.0014 mean +/- 0.0011 std) (Newman et al., 2020).

This metadata allows researchers to immediately use any possible grouping, subdivision, or
other transforms of these measures to investigate specific cognitive processes underlying visual

event understanding. We provide first example analyses on this basis below.

(HMRI data processing, response modeling, and ROI definition

We provide raw as well as preprocessed versions of the MRI data in the community-backed and
standardized BIDS format (K. J. Gorgolewski et al., 2016) to ensure transparent quality
assessment, reproducible preprocessing, and easy-to-share results. The raw data gives
researchers complete control over preprocessing to pursue research questions at any stage of
the analysis pipeline. The preprocessed data allows for immediate analyses into the spatial and
temporal neural dynamics underlying visual event understanding, at both the group or single-

participant level.

We processed the main fMRI experimental data in three main steps. We first processed the
data using the standardized fMRIPrep tool (Esteban et al., 2019) to achieve reproducible and
transparent results. We then temporally resampled the data from a TR of 1.75sto a TR of 1s,
achieving a densely sampled time course time-locked to stimulus presentation (stimulus
presentation happens every 4s, i.e. a multiple of 1s, but not 1.75s) (Kay et al., 2020). Finally, to
accommodate variability in the hemodynamic responses at different locations in cortex, to
resolve temporal structure of the stimuli, and to address response overlap from the rapid event-
related design, we used Finite Impulse Response (FIR) basis functions. We modeled the
hemodynamic response to visual events using data from 1-9s after stimulus onset (to account

for the hemodynamic lag) in 1s steps (i.e. 9 bins of 1s length each) for each trial separately.

To guide analysis in a region-specific manner, we used the auxiliary functional localizer data
from session 1 to define a set of 22 regions of interest (ROIs) previously reported to be involved
in visual perception of natural images, natural video, or motion (Figure 1E) (Gazzola & Keysers,
2009; Le et al., 2017; Logothetis & Sheinberg, 1996; Rizzolatti & Sinigaglia, 2010; Silver &
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Kastner, 2009; VanRullen & Thorpe, 2001). The set includes early visual, category-selective

ventral visual, dorsal visual, and parietal regions.

All together, this preprocessing suite ensures a low threshold for researchers to interact with the

brain data at their desired processing level.

(HMRI image scans of high quality across subjects and task
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Figure 2: Preprocessed scan quality measures

A. T1-and T2-weighted structural scan data quality: Violin plots compare Image Quality Metrics
(IQMs) of the T1- and T2-weighted structural scans from our BMD dataset (T1-weighted, n=10; T2-
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weighted, n=10) with a collection of anonymous data pulled from the MRIQCeption API (T1-weighted,
n=219; T2-weighted, n=695). We report the Signal to Noise Ratio (SNR Total), Contrast to Noise Ratio
(CNR), Coefficient of Joint Variation (CJV), Entropy Focus Criterion (EFC), Average Full-Width Half
Maximum Smoothness (FWHM Avg), and Foreground-Background Energy Ration (FBER) as a summary
of the structural scan quality. Points correspond to the data value from an individual subject in the BMD
dataset. An up arrow after the IQM title means a higher value corresponds to better data quality, while a
down arrow after the IQM title means a lower value corresponds to better data quality. A.U. stands for
“arbitrary units.” B. Training and testing functional scans data quality: Panels compare boxplots of
IQM values for each subject for the training and testing functional tasks in the BMD dataset (per subject:
training, n=40; testing, n=12) with anonymous BOLD data pulled from the MRIQCeption API (BOLD,
n=687). We report the Signal to Noise Ratio (SNR), Temporal Signal to Noise Ratio (tSNR), Mean
Framewise Displacement (FD Mean), Average Full-Width Half Maximum Smoothness (FWHM Avg), AFNI
Outlier Ratio (AOR), and AFNI Quality Index (AQI) to summarize the functional scan quality. The boxplot
extends 1.5 times the high and low quartiles, with outliers defined as a scan with a value outside that
range and denoted by diamonds. An up arrow after the IQM title means a higher value corresponds to

better data quality, while a down arrow after the IQM title means a lower value corresponds to better data

quality.

To assess the quality of the raw and preprocessed MRI data, we used the open-source and
community-based MRIQC analysis package (Esteban et al., 2017). This yielded a
comprehensive set of 44 functional and 68 structural quality metrics (full report available), of
which we present a representative set of six structural (Figure 2A) and six functional MRI
metrics (Figure 2B) (see Supplementary Figure S1 for the resting state and functional localizer
scans). Since most quality metrics do not have a ground-truth reference value to compare
against, we contextualize our values against the values of hundreds of anonymized studies with
similar scanner parameters (1 < Tesla < 3, 1 <= TR < 3; aggregated with the MRIQCeption
API).

Taken together, the IQMs indicate BMD’s structural and functional scans are of excellent
quality. The distribution of all but one IQM for each subject falls within or is noticeably better
than the distribution seen in similar fMRI studies (Figure 2, green). The strong results of the
IQMs tSNR (a measure of SNR over time), aor (an indicator of the number of outliers per fMRI
volume), and aqi (a correlational measure of quality per volume) assure satisfactory functional
SNR quality in light of the below-typical per volume SNR IQM. We highlight that within each
participant, the range of quality metric values was especially consistent between the training

and testing sets (Figure 2, blue and orange boxplots). This shows that the training and testing
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sets are of comparable data quality, facilitating analyses that depend on this split. Further, none
of the 10 participants were outliers as indicated by consistently lower within- than between-

participant variability, encouraging group result inference.

Reliable univariate and multivariate fMRI response profiles
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Figure 3: Whole-brain and ROI reliability after response modeling

(A) Whole-brain single-subject split-half reliability analysis: We perform a voxelwise split-half

reliability analysis and present the voxels that pass the reliability criteria (p < 0.05, Spearman-Brown

10
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(2p/(1 + p))) for a representative subject (subject 1). (B) Whole brain searchlight noise-ceiling
analysis: We estimate the upper and lower noise-ceilings across the whole brain for a representative
subject (subject 1) from a searchlight representational dissimilarity analysis (RSA). C) ROI-based group
split-half reliability: For each of the 22 ROls, we present the mean split-half reliability across
participants. (D) ROI-based group searchlight noise ceilings: For each of the 22 ROIs, we calculate
the mean upper (orange) and lower (blue) noise ceilings across patrticipants. All error bars indicate the
95% confidence interval (n=10 for all ROIs except TOS (n=8) RSC (n=9)). The brain responses used for
the reliability analyses are the beta values averaged over TRs 5-9 (the peak of the BOLD signal) from the

testing set.

We provide both univariate and multivariate reliability measures to evaluate the reliability in the
context of the two main fMRI analysis traditions today: the univariate framework that focuses on
local information at a single voxel scale (Friston et al., 1994; Khosla et al., 2022; Naselaris et al.,
2011; Ratan Murty et al., 2021; Schrimpf, Kubilius, Hong, et al., 2020), and the multivariate
analysis framework that emphasizes the distributed nature of information in population codes
(Haxby, 2012; Haynes, 2015; Kriegeskorte, 2008).

To assess univariate reliability, we identify voxels with a Spearman-Brown split-half reliability
value (split across the 10 testing set stimuli trials) that satisfy a reliability criterion of p<0.05

(assessed by stimulus label permutation).

To assess multivariate reliability, we perform representational similarity analysis (RSA) in a
searchlight approach (Kriegeskorte et al., 2006) to determine the upper (subject-to-group RDM
correlation per voxel) and lower (leave-one-out RDM correlation per voxel) estimate of the noise
ceilings. We report the univariate and multivariate reliability results across the whole brain
(Figure 3AB for a representative subject, see Supplementary Figures S2 and S3 for all subjects)
and in ROIs (Figure 3CD).

In both the whole-brain univariate and multivariate reliability analyses, we observe statistically
significant reliability values across the occipital and parietal cortex, even extending into the
frontal lobe. The ROI analyses yield equivalent results, showing high explainable variance in a
functionally diverse set of ROIs responsible for visual event understanding. This demonstrates
that BMD is well suited for comprehensive and advanced analysis at both the single- and multi-

voxel spatial scale.

11
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Modeling visual event understanding with a video-computable

deep neural network for action recognition
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Figure 4: Evaluation of biologically-similar video-based encoding model

(A) Voxelwise encoding model procedure: All videos are shown to both a DNN and a human. Training
set video embeddings are extracted from a block b of the DNN and used to learn a voxelwise mapping
function to the human responses. This mapping is then applied to the testing set video embeddings to
predict the brain response at each voxel. (B) Whole-brain encoding accuracy across blocks: We use

the encoding model procedure with each of the four blocks of a TSM ResNet50 model trained to
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recognize actions in videos to predict the neural response at each voxel in the whole brain. The brain
figures show the subject-average noise-normalized predictive correlation (divided by the voxel's upper
noise ceiling) at each voxel. (C) ROI-based encoding accuracy difference: Mean difference in
predictive performance between block 1 and block 4 at each of the 22 ROIs. Predictive performance at
each voxel is measured as the noise-normalized correlation between the brain responses and the
predicted responses, averaged over all reliable voxels in each ROI. Error bars show the 95% confidence
interval with data from n=10 subjects except for TOS (n=8, no responses from subjects 6 and 7) and RSC
(n=9, no responses from subject 7). Significant ROIs are denoted with an asterisk and a color (blue for
Block 1, red for Block 4, gray is not significant) corresponding to the significant layer (one sample two-

sided t-test against a population mean of 0, Bonferroni corrected across 22 ROIs, p < 0.05).

A major goal in explaining cognition is providing explicit quantitative models that predict the
underlying computations and their cortical organizations (Dayan & Abbott, 2001). Deep Neural
Network (DNN)-based modeling has emerged as the currently dominant form of scientific
modeling in visual neuroscience, due to their image-computable design, biologically-inspired
architecture, and high neural prediction performance (Allen et al., 2022; Chang et al., 2019;
Rajalingham et al., 2018; Schrimpf, Kubilius, Hong, et al., 2020; Schrimpf, Kubilius, Lee, et al.,
2020; D. L. Yamins et al., 2013).

However, modeling visual events has been limited by the lack of a suitable dataset that
accounts for complex distributed processes across the whole brain (Yildirim et al., 2019), drastic
differences to image understanding (Buccino et al., 2004; Krekelberg et al., 2003; Kret et al.,
2011; Schultz & Pilz, 2009; Senior et al., 2000; Shirai & Imura, 2014), and the temporal
boundaries of a visual event (Aliko et al., 2020; Hasson, Yang, et al., 2008; Nishimoto et al.,
2011; Seeliger et al., 2019). BMD breaks this impasse with its large number of short video

stimuli and whole-brain responses.

Towards the goal of modeling visual events, we used a video-computable DNN following
biological constraints. The DNN uses a recurrent ResNet50 backbone (He et al., 2016) that
mimics the biological recurrent computations essential for human motion perception and
categorization (Kietzmann et al., 2019; Koivisto et al., 2011; Pascual-Leone & Walsh, 2001;
Silvanto, Cowey, et al., 2005; Silvanto, Lavie, et al., 2005) and builds on the ResNet family’s
strong neural predictivity performance seen for still images (Schrimpf, Kubilius, Lee, et al.,
2020). The ResNet50’s four recurrent blocks are connected using a Temporal Shift Network (Lin

et al., 2019) designed to process video input in the natural, uni-directional temporal order. We
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train the model on an action recognition task using the same dataset from which the BMD
stimuli were sampled, the Moments in Time dataset (Monfort et al., 2020, 2022) (BMD stimuli
were excluded from model training). We release this model to aid investigations of visual event

understanding.

We queried the relationship between each of the model’s blocks and BMD. Using a voxelwise
encoding model approach (Naselaris et al., 2011) (Figure 6A), we observe a correspondence
between DNN block depth and predictivity performance along the visual processing hierarchy
and beyond. The predictivity of each of the DNN’s four layers progressively spreads across the
brain from posterior to anterior (Figure 6B). Focusing on specific ROIs and DNN Block 1 vs. 4,
we observe that predictivity of DNN Block 4 becomes significantly greater than DNN Block 1
beginning in the early visual cortex and extending notably into dorsal visual cortex and parietal

cortex (Figure 6C) (see Supplementary Figure S7 for results on all layers and ROISs).

BMD, with its whole-brain human fMRI responses to short events, breaks a video-based
computational modeling impasse by allowing rigorous analyses in all of cortex, especially in the
dorsal and parietal regions largely driven by dynamic stimuli. We are thus able to clarify
previously conflicting results (Bakhtiari et al., 2021; Gic¢ll & van Gerven, 2017; Mineault et al.,
2021), showing that a DNN trained on an action recognition task can accurately predict
responses in the dorsal visual stream and even into the parietal cortex. This extends previous
research demonstrating a hierarchical correspondence between DNNs and brains from still
image stimuli (Cichy et al., 2016; Kriegeskorte, 2015; Kubilius et al., 2019; D. L. Yamins et al.,
2013; D. L. K. Yamins et al., 2014) to dynamic video stimuli.
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Figure 5: Importance of temporal order in predicting fMRI responses.

A) Frame shuffling procedure: We predict the real fMRI responses using both the DNN activations of
the original (unshuffled) frame order and the DNN activations of the randomly shuffled frame order. A
difference in prediction accuracy between the DNN activations of the unshuffled and shuffled frames
indicates the preservation of correct temporal order in the fMRI response. B) Whole-brain prediction

difference: Difference in the correlation averaged over participants between the shuffled frame prediction
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accuracy and unshuffled frame prediction accuracy across the whole brain at different DNN layers (TSM
model). C) ROI-based prediction difference: Difference in the correlation between the shuffled frame
prediction accuracy and unshuffled frame prediction accuracy at different ROIs and DNN layers (TSM
model). A colored asterisk above a bar indicates significant difference between the unshuffled and
shuffled prediction accuracy at that DNN block (one sample two-sided t-test against a population mean of

0, Bonferroni corrected across 22 ROIs, p < 0.05). Error bars depict the 95% confidence interval.

A given visual event unfolds in a systematic, spatiotemporal sequence. Is the temporal structure
of an event important for its cortical representation? Shuffling the frames of a video effectively
destroys any meaningful temporal structure. We reasoned that if a voxel captured an event’s
spatiotemporal relationships, unshuffled (meaningfully ordered) video input would correspond
better to the brain responses than shuffled video input. The shuffled and unshuffled video inputs
are both temporally dynamic and contain identical frame-averaged spatial content, thereby

isolating the effects of the encoding of ordered temporal content.

To investigate, we measured the neural prediction performance of the DNN model introduced
above when given unshuffled video input and shuffled video input (Figure 5A). Since this DNN is
engineered to process video input in a unidirectional temporal order, we know that shuffling the
video frames will affect the DNN activation in at least one of the four blocks. By using the
shuffled and unshuffled activations from these blocks to predict the brain responses, we can

assess the effect of correct temporal ordering on our BMD brain responses.

Our results show the frame-shuffled input decreased DNN prediction accuracy across most of
the visual system. The whole-brain analysis (Figure 5B) shows that this decrease in DNN
prediction accuracy is most pronounced in both magnitude and coverage with increasing DNN
blocks. The ROI analysis (Figure 5C) reveals that early visual ROIs were primarily sensitive to
differences in earlier DNN blocks 2 and 3, while ventral and dorsal ROIs were most affected by
differences in DNN block 4. These results suggest functionally-specific sensitivities to shuffled
input along the visual system in line with known feature preferences in the visual system and
DNN computations (Honey et al., 2012; Kubilius et al., 2019; Logothetis & Sheinberg, 1996).

Together this demonstrates that most visual regions captured meaningful temporal structure of

the video stimuli, providing the necessary background for investigations into the processing of

high-level dynamic visual concepts, such as event categories and actions. The use of our video-
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computable DNN model allows the extraction of feature spaces at specific stages of video

processing, inviting precise inquiry into an ROI’s function in visual event understanding.

BMD tracks the temporal dynamics unfolding within events
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Figure 6: Encoding the temporal dynamics of the BOLD signal.

(A) TR estimated fMRI responses: We estimate the video-evoked brain response (beta values)
of the first 9 TRs of the BOLD signal. (B) DNN predicted fMRI responses: We use an encoding model
procedure to extract two sets of DNN activations, one from the first video second (first epoch) and the
other from the third video second (third epoch). We then predict fMRI responses using the two sets. (C)
Variance partitioning analysis: We calculate the unique variance explained by the first and third video
epochs’ predicted fMRI responses at each TR. (D) Whole brain analysis: Each voxel shows the
percentage of subjects with a TR peak difference of 1 to 3 TRs at that specific voxel. Only significant
voxels are plotted (p < 0.05, binomial test, FDR corrected). (E) ROl analysis: Upper ROI panels: We
show the unique variance explained by the predicted fMRI responses of the first (blue) and third (orange)
video epoch at TRs 1-9 in representative ROIs V1v and OFA. Black asterisks indicate significant unique
variance greater than 0. Blue/orange circles indicate the significant peak TR of the first/third video epoch.
Main ROI Panel: We depict the difference in first and third video epoch TR peaks at each ROI, averaged
across subjects. Green bars with asterisks indicate TR peak differences significantly greater than 0. Error

bars in both the upper and main plots reflect 95% confidence intervals.

Does the temporally sluggish BOLD signal capture any temporal information within events? One
possibility is that the BOLD signal only captures a global representation of the event that has no
temporal structure itself, akin to a time-less semantic label of “a person opens a door”. Another
possibility is that instead the BOLD signal captures delayed but temporally-resolved information,
where different time points of the BOLD signal capture local snapshots of the changing event
(Figure 6A).

To test the latter hypothesis, we extracted two sets of activations from a DNN, one set using
only the first second (first epoch) of the videos and the other set using only the last second (third
epoch) of the videos (Figure 6B). We utilized an encoding model procedure to measure the two
sets’ predictive performance at each of the first 9 seconds (corresponding to TRs in acquisition)
(Figure 6A). This was done with a feed-forward DNN trained on object categorization from still
images to avoid any confounds from temporal integration. We expected that if a voxel captures
shapshots of the changing event, the best prediction accuracy of the first video epoch encoding
model is at least one TR (one TR = 1s) earlier than the best prediction accuracy of the third
video epoch encoding model. We used variance partitioning to identify the unique contribution of

the first and third video epochs’ predictions to the real fMRI responses (Figure 6C).
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A whole-brain voxel-wise analysis (Figure 6D) revealed the percentage of subjects at each
voxel that show a significant 1-3s delay between the best predicted time point (TR) using a
video’s first epoch and using a video’s third epoch (only significant voxels are plotted). Results
highlight significant temporal delays throughout the ventral and dorsal cortex, but most
pronounced in the early visual cortex. An equivalent ROI-based analysis (Figure 6E) yielded a
similar result pattern. ROIs in the visual brain (14 of the 22 total), mostly in the early visual and
ventral stream, showed a significant timing difference (black asterisks) between the time points
at which fMRI responses are most related to the contents of the first and the third epoch of
video (Figure 6E, main bottom panel).

Together, these results support the hypothesis that early and late TRs of the BOLD signal better
code early and late video snapshots, respectively. BMD captures the temporal dynamics of
events at the level of seconds, with the most pronounced effects focused in the early visual
cortex (Fairhall et al., 2014; Kiebel et al., 2008). This invites future research to use BMD’s
temporally well-defined stimuli to explore how visual event information is integrated over shorter

time periods, bridging an important gap to temporal integration studies of longform movies.
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Semantic metadata reveal a preference for sentence-level

descriptions in the visual system
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Figure 7: Metadata-driven analysis of the semantics of visual event encoding.
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(A) RSA with metadata methodology: Video metadata are fed into a language model to produce a
vector embedding. Similarly, the video-evoked brain responses are extracted within a spherical
searchlight to produce a vector embedding at each voxel. We separately calculate the pairwise similarity
of the metadata embeddings and video-evoked brain embeddings to create a representational
dissimilarity matrix (RDM) of size n_stimuli x n_stimuli. The metadata RDM is then correlated with the
searchlight-based voxelwise RDMs. (B) Metadata RDMs: The “scene” and “actions” metadata were fed
into a FastText language model, and the “text caption” metadata was fed into a Sentence-BERT model to
produce vector embeddings. The RDMs were computed using cosine distance, and the RDMs are
visualized here with rank-normalized values (0-100% of maximum value rank) (C) Whole-brain
correlation of metadata RDMs with searchlight-based RDMs: We correlate (Spearman’s R) the
metadata RDM with each searchlight-based RDM at each voxel in each subject, performed statistical
analysis (one-sample two-sided t-test against a null correlation of zero, FDR correction with q=0.05),
divided each voxel by the subject’s upper noise ceiling, and averaged across subjects. Only significant
voxels are shown. (D) ROI-based correlation: We show the mean of the noise-normalized correlations
within each subject’s ROI. Significance of the ROIs was determined by comparing each ROI's mean
noise-normalized correlation against “V1v™s (orange) mean noise-normalized correlation (paired t-test,
two-sided, Bonferroni corrected across 21 ROIs, p < 0.05). Asterisks and green bars denote ROI
significance. Error bars represent the 95% confidence interval with data from n=10 subjects except for

TOS (n=8, no responses from subjects 6 and 7) and RSC (n=9, no responses from subject 7).

Words are often used to operationalize the aspects of visual stimulus typically most useful to

humans. For example, one might label objects as “dog” and “ball”’, describe their relationship as
“playing fetch,” yet refrain from identifying contextually unimportant features like a “park bench.”
Here we leverage our semantic metadata of scene, action, and sentence labels to explore how

spatial, temporal, and relational stimuli features, respectively, are encoded in the brain.

To quantify text-based data for numerical analyses, we run the text through Al language models
(FastText, Bojanowski et al., 2017, for the single-word scene and action labels, and Sentence-
BERT, Reimers & Gurevych, 2019, for sentence-level text descriptions), obtaining model
embeddings (Figure 7A). We then use representational similarity analysis (RSA) (Kriegeskorte
et al., 2008) to relate the model embeddings (Figure 7B) to brain activity within a common

representational space.
Whole-brain (Figure 7C) and ROI results (Figure 7D) show that the correlations of the three

metadata types are primarily significant in the ventral and dorsal visual regions (green bars are

significant, Figure 7D), but not in most of the early visual or parietal regions (Gray bars are not
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significant, Figure 7D). We note that even the correlational significance of the action metadata
failed to extend deep into the parietal cortex (with the exception of 7AL), despite the parietal
cortex’s heavy involvement in action observation (for a review, see Hardwick et al., 2018).
Additionally, one might suspect that scene-selective regions (PPA, RSC, and TOS) would best
correlate with the scene metadata, reasoning that sentence labels, while including scene
information, contain mostly irrelevant and distracting non-scene content. Yet, the sentence
labels exhibit correlation values nearly twice that of the scene metadata in PPA and TOS. This
trend continues with action labels in the ventral and dorsal visual stream, consistent with the
idea that complex scene analysis, rather than simpler tasks such as object recognition, is the

objective of the visual brain (Doerig et al., 2022).

BMD'’s potential to reveal visuo-semantic representations throughout cortex promises to better
inform theories of the visual system’s objective and action encoding. This methodology can
easily be extended to externally collected metadata to interrogate any desired facet of visual

event understanding.
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Video memorability is reflected in high-level visual and parietal

cortices
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Figure 8: Correlates of video memorability in cortex

(A) Memorability analysis procedure: For each of the 1,102 video stimuli, we collect a memorability
score (values between 0-1, collected via a behavioral memory game in an independent study by Newman
et al., 2020) and brain response (beta value averaged across repetitions). We rank and correlate
(Spearman’s R) a vector of the stimulus memorability scores with a vector of the stimulus-evoked beta
values at each voxel to obtain a correlation coefficient and corresponding p-value. (B) Whole-brain
memorability correlation results: We show significant whole brain voxel-wise correlations (Spearman’s
R) between brain activity and memorability scores. Significant voxels are determined by a t-test across
subjects (one-sample, one-sided) and FDR correction (g=0.05, positive correlation assumption). (C) ROI
memorability correlation results: We show the mean Spearman correlation value between brain activity

and memorability scores for each ROI. Significance is determined by a t-test against a null population
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mean correlation of 0 (one sample, one-sided, Bonferroni corrected across 22 ROls, p < 0.05). Significant

ROls are denoted with a green bar and black asterisk. Error bars depict a 95% confidence interval.

Of the many video advertisements, social media clips, and ordinary visual events humans
perceive each day, some are predisposed to be recognized better than others (Goetschalckx et
al., 2018; J. Han et al., 2015; Isola et al., 2014, p. 20023; Newman et al., 2020). Understanding
the neural correlates of this stimulus attribute, termed memorability, has vast neuroscience and
commercial applications. However, fMRI studies have largely focused on the memorability of
still images, neglecting information-rich and dynamic videos (but see Han et al., 2015). Thus, we
test where video memorability is reflected in the brain to give insights into the link between

stimuli perception and memory (Bainbridge, 2019; Bylinskii et al., 2022).

Under the hypothesis that stimuli with higher memorability scores elicit a greater magnitude of
brain response (Bainbridge et al., 2017; Bainbridge & Rissman, 2018; Jaegle et al., 2019), we
correlate a vector of video memorability scores with a vector of each voxel’s corresponding

brain responses (beta values) (Figure 8A). Whole-brain (Figure 8B) and ROI-based (Figure 8C)
analyses converged in revealing an effect in ventral visual, dorsal visual, and parietal cortex, all
regions involved in video perception (green colored bars in Figure 8C). This result contrasts with
previous work using images, where the effects were largely relegated to the ventral visual cortex
associated with image perception (Bainbridge et al., 2017; Bainbridge & Rissman, 2018; Jaegle
et al., 2019; Mohsenzadeh, Mullin, Oliva, et al., 2019).

BMD'’s use of short videos propels the study of the neural correlates of memorability into the
video domain, inviting further work into how visual perception and memory formation share
computational resources (Cohen et al., 1997; Martin & Chao, 2001; Riou et al., 2011; Slotnick et
al., 2012; Vermeulen et al., 2008; Weinberger, 2004) and bridging the study of static image
memory with longform movie memory (Bainbridge & Baker, 2022; Furman et al., 2007; Hasson,
Furman, et al., 2008). Understanding how other video features support other cognitive faculties,

such as empathy, theory of mind, or attention, is ripe for investigation with the BMD.

Discussion

Humans evolve in a dynamic visual world where critical information about the environment is

conveyed through visual events. Progress in understanding how humans interpret visual
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information has been achieved through work at the extremes of static images (Allen et al., 2022;
Chang et al., 2019; Hebart et al., 2019) or longform movies (Aliko et al., 2020; Hanke et al.,
2016; Hasson, Furman, et al., 2008; Lee et al., 2023; Nishimoto et al., 2011; Seeliger et al.,
2019). But, these extremes have limitations and are not specifically optimized for visual event
understanding. In this paper, we have introduced the BOLD Moments Dataset (BMD), which
provides whole-brain fMRI responses to a large number of comprehensively annotated visual
events. This dataset is poised to bridge the research communities of visual, cognitive, and
computational neuroscience and lead to breakthroughs in understanding how perceptual and

cognitive brain systems extract information from complex visual inputs.

As a case example, our results demonstrating correspondence in processing stages between
video-computable DNN models and cortical regions extend previous studies that analyzed
responses to still images. This suggests a continuation of, rather than break with, previous work
and theory, and indicates the accumulation of new insights without the loss of established ones.
Furthermore, we demonstrate that despite the sluggishness of the BOLD response, BMD
nonetheless allows tracking of visual information processing at the level of seconds (Hasson et
al., 2004; Hasson, Furman, et al., 2008; Kiebel et al., 2008; Murray et al., 2014; Orlov & Zohary,
2018; Piasini et al., 2021; Rust & DiCarlo, 2010). This reflects our careful acquisition and
preparation of the fMRI data, and unlocks the potential for the application of analyses that focus
on dynamics in visual processing. Thus, BMD presents a unique opportunity to probe brain
function by leveraging existing artificial intelligence tools that provide methods for capturing
facets of visual event, such as social expressions (Hu et al., 2022; Kahou et al., 2016; Tzirakis
et al., 2018), action recognition (Carreira & Zisserman, 2017; Feichtenhofer et al., 2016; Monfort
et al., 2022), integration of temporal features (Bertasius et al., 2021; Ji et al., 2013; Y. Wang et
al., 2023), object detection (Fan et al., 2021; Shafiee et al., 2017), and video reconstruction
(Han et al., 2019; Kupershmidt et al., 2022).

Much of the power of BMD consists in the comprehensive set of behavioral and semantic
metadata that we have collected and provided. We have shown how these metadata can be
combined with Al language tools to successfully delineate visual representations at different
complexity levels. This yields theoretically relevant insights — for example, the superior
predictivity of complex sentence descriptions in the ventral visual stream (see Figure 7)
suggests that the function of this part of the brain extends beyond object recognition (Doerig et

al., 2022). As another example, our crowd-sourced behavioral data on memorability (see Figure
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8) demonstrates how BMD can be used to bridge visual processing and higher-level cognitive

functions.

Though we have demonstrated that temporal information is meaningfully present in BMD (see
Figures 5 and 6), BMD is fundamentally limited by the temporal resolution of fMRI signals.
Alternative data acquisition methods are necessary to capture fine-grained neural dynamics at
the level of milliseconds. A promising direction for future research is to measure M/EEG
responses to the BMD stimuli and to use sophisticated methods to perform spatio-temporal
integration across modalities (Cichy & Oliva, 2020; Mohsenzadeh, Mullin, Lahner, et al., 2019).
The organization of BMD's brain data and metadata in BIDS format should ease the

incorporation of BMD into future research endeavors.

In pursuit of interdisciplinary and transparent research, we used portions of BMD in the The
Algonauts Project 2021: How the Human Brain Makes Sense of a World in Motion. This open
challenge, in partnership with the Computational Cognitive Neuroscience (CCN) conference
(Cichy et al., 2021; Naselaris et al., 2018), invites participants to predict held-out brain data
using their computational models. The top three entries in The Algonauts Project 2021
challenge each took drastically different modeling approaches (see reports in Supplementary),
highlighting the creative space opened by BMD lying at the intersection of natural and artificial

intelligence research.

For a full account of visual event understanding, research needs to look beyond the classical
visual brain and into the whole brain, now possible with BMD. Combined with the advent of
deep neural network models and advanced analysis methods, revolutionary opportunities for
understanding human cognition have appeared. BMD provides the required data - brain imaging

and metadata - to harvest those opportunities.

Methods

Participants

Ten healthy volunteers (6 female, mean age = SD = 27.01 + 3.96 years) with normal or

corrected-to-normal vision participated in the experiment. All participants gave informed
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consent, were screened for MRI safety, and were compensated for their time. The experiment
was conducted in accordance with the Declaration of Helsinki and approved by the local ethics
committee (Institutional Review Board of Massachusetts Institute of Technology, approval code:
1510287948).

Stimuli

The stimulus set consisted of 1,102 videos in total. The videos were sampled from the
Memento1l0k dataset (Newman et al., 2020), which is a subset of the Moments in Time dataset
(Monfort et al., 2020) and Multi-Moments in Time dataset (Monfort et al., 2022). Each video was
square-cropped and resized to 268x268 pixels. Videos had a duration of 3 seconds and frame
rates ranging from 15-30 frames per second (mean = 28.3). The 1,102 videos were manually
selected from the Memento10k dataset by two human observers to encompass videos that
contained movement (i.e. no static content), were filmed in a natural context, and represented a
wide selection of possible events a human might witness. Additional criteria were to be free of
post-processing effects, textual overlays, excessive camera movements, blur, and objectionable

or inappropriate content.

The 1,102 videos selected for the main experiment were split into “training” and “testing” sets;
102 videos were chosen for the testing set, and the remaining 1,000 videos formed the training
set. Specifically, the testing set videos were chosen randomly from the 1,102 videos, and then
checked manually to ensure no semantic overlap, in terms of objects plus actions, occurred
between any pair of testing set videos. If semantic overlap was found between a pair of videos,
one of these videos was swapped with a video randomly selected from the pool of remaining
videos and incorporated into the testing set. This was repeated until a semantically-diverse
testing set was formed. The training and testing sets are only intended to differ in the number of
repetitions shown to the participant. In this way, the BMD dataset contains a low repetition (3
repetitions) training set of 1,000 videos and a high repetition (10 repetitions) testing set of 102
videos to facilitate analyses dependent on either large number of stimuli or large number of
repetitions. The training and testing sets are additionally intended to mirror training and testing
sets common in machine learning applications, reflecting its potential use for model building and

evaluation.

27


https://doi.org/10.1101/2023.03.12.530887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.12.530887; this version posted March 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

(HMRI experimental design

The fMRI data collection procedure was as follows: subjects completed a total of 5 separate
fMRI sessions on separate days. Session 1 consisted of structural scans, functional localizer
runs, and functional resting state scans all interspersed (Figure 1C). Sessions 2-5 consisted of
the main functional experimental runs where the subjects viewed the training and testing set
videos (Figure 1D). Throughout the whole experiment for a given subject, each training set
video was shown a total of 3 times and each testing set video was shown a total of 10 times,
resulting in 3,000 and 1,020 trials in training and testing sets, respectively. We organized trials
into experimental runs such that they either only contained testing set videos (test runs) or only

contained training set videos (training runs).
Session 1

Functional localizers:

Subjects completed five functional localizer runs (Figure 1C). Subjects viewed videos
corresponding to one of five categories (faces, bodies, scenes, objects, and scrambled objects)
in order to functionally localize each subject’s category selective regions (Lafer-Sousa et al.,
2016), and performed a one-back vigilance task to ensure attention to the task. Each stimulus
category included 48 individual stimuli. Each run consisted of 5 blocks of fixation baseline (null)
and 20 blocks of stimulus presentation for a total of 25 blocks. Baseline blocks occurred every
sixth block, with 5 stimulus blocks of each category presented in between baseline blocks in a
randomized order. The duration of each video was 3 seconds, with each block lasting 18
seconds. Each category stimulus block included 5 unique videos chosen randomly from the 48
stimuli plus one one-back stimulus repetition. Subject accuracy on the one-back task was 0.941
+/- 0.011 (mean £ SD).

Resting state:

Resting state data was obtained across 5 runs (Figure 1C). Within each run, participants were

instructed to keep their eyes closed, to not think of anything specific, but to remain awake.

Session 2-5

Each of the 4 sessions after session 1 had identical structure. Since fixation against a dynamic

video background is difficult, each session began with a 2.5 minute fixation training outside the
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scanner to provide the subjects with real-time feedback of any eye movements, voluntary or
involuntary (Guzman-Martinez et al., 2009). In this fixation training, subjects viewed a black-
and-white random dot display flickering in counter phase. With fixation, this display evoked the
illusion of a uniform gray display. Breaking fixation with eye movements disrupts this illusion,
and a vivid black-and-white random dot display is perceived. Subjects were instructed to keep

their eyes fixated as to minimize the disruption of the illusion.

Main experiment:

Inside the scanner, videos were presented at the center of the screen subtending 5 degrees
visual angle and overlaid with a central red fixation cross (0.52 degree visual angle). Subjects
were instructed to focus on the fixation cross for the duration of the main experiment. The
experiment consisted of both video presentation trials (occurring 75% of the time) and null trials
(occurring 25% of the time). Both trial types were 4 seconds long. The video presentation trial
consisted of a 3 sec video presentation followed by a 1 sec intertrial interval. The videos were
presented in random order with the constraint of no consecutive repetition. The null trial
consisted of the presentation of a gray screen. During the null trial the fixation cross turned
darker for 1,000 ms and participants reported the change with a button press. Participant

accuracy in this task was 0.964 +/- 0.014 (mean * SD).

The testing and training set videos were presented within training and testing runs, where each
test run consisted of 113 trials and each train run consisted of 100 trials. Test and training runs
were randomly interspersed with the restriction of excluding successive repetitions of test runs
within one session. Each session contained 3 test runs and 10 training runs and lasted

approximately 100 minutes.

Metadata

Visual events consist of complex combinations of objects, locations, actions, sounds and more.
To capture the many dimensions of visual events, we characterized each video with a set of
seven annotations, including object labels, scene labels, action labels, text descriptions, a
spoken transcription, a memorability score, and an index of memorability decay rate (Figure
1AB). Five annotations were collected for the object, scene, action, and text description labels to

ensure comprehensive coverage and form a group consensus.
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Object labels

For each video, we obtained 5 object labels by feeding a sequence of video frames sampled at
regular intervals into a ResNet50 model (He et al., 2016) pre-trained on ImageNet (Deng et al.,
2009) to classify objects. We averaged the model’s predictions for each of the frames to get the
top 5 object predictions. We do not enforce that all 5 object labels describe the same object;

instead, the five object labels describe up to five objects in the video.

Scene labels

Similar to the object labels, we obtained 5 scene labels per video by feeding a sequence of
video frames sampled at regular intervals into a ResNet50 model (He et al., 2016) pre-trained
on Places (Zhou et al., 2018) to classify scenes. We average the model’s predictions for each of

the frames to get the top 5 scene predictions.

Action labels

The 5 action labels were human-generated by workers on the crowd-sourcing platform Prolific.
We restricted the possible action labels to be from one of 292 possible action labels that broadly
encompass meaningful human actions (as in Monfort et al., 2022). The participant viewed these
292 possible action labels, watched the video, and selected one action label that best described
the video. Each of the 5 action labels per video were produced by different participants, and the
same human may annotate multiple videos. Two authors manually reviewed the labels to
ensure the labels assigned to the video were sensical (i.e. participants were not choosing labels

at random).

Text descriptions

We obtained five high-level descriptions of the content of each video in the form of written
descriptions. The five text descriptions were human-generated from participants on the crowd-
sourcing platform Amazon Mechanical Turk (AMT). Their task was to watch the video and type
a one sentence description. Each of the 5 text descriptions were produced by a different human
participant, and each participant was allowed to annotate multiple videos. The authors manually
checked the text descriptions to ensure the text descriptions pertained to the video (i.e.

participants followed instructions) and to correct obvious typos.
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Spoken transcriptions

We obtained one spoken description per video to capture emotional and descriptive nuances
typically conveyed in speech but not present in typing. The spoken description was collected via
human participants on AMT, as in Monfort et al., 2021. Participants were instructed to watch the
video and verbally describe it. They were given no instructions pertaining to the length of the
description. We record the audio file and use Google’s speech-to-text transcription to generate a
text transcription. The transcription was manually checked to ensure it pertained to the video
(i.e. participants followed instructions) and to correct obvious typos. We release the text

transcription but not the original audio file for privacy purposes.

Memorability score and decay rate

The memorability score and decay rate were measured by Newman et al., 2020, where AMT
human participants played a video memory game. The game consisted of a continuous video
stream where the participant pressed the spacebar upon seeing a repeated video. Repeated
videos were presented at various delays, from 30 seconds to ten minutes. The participant’s
responses were then used to calculate a video’s memorability score from 0 (no recall) to 1

(perfect recall) and memorability decay rate from 0 (no decay) to -inf (instantaneous decay).

fMRI data preprocessing and analysis

fMRI data acquisition

The MRI data were acquired with a 3T Trio Siemens scanner using a 32-channel head coil.
During the experimental runs, T2*-weighted gradient-echo echo-planar images (EPI) were
collected (TR = 1750 ms, TE = 30 ms, flip angle = 71°, FOV read = 190 mm, FOV phase =
100%, bandwidth = 2268 Hz/Px, resolution = 2.5 x 2.5 x 2.5 mm, slice gap = 10%, slices = 54,
multi-band acceleration factor = 2, ascending interleaved acquisition). Additionally, a T1-
weighted image (TR =1900 ms, TE = 2.52 ms, flip angle = 9°, FOV read = 256mm, FOV phase
= 100%, bandwidth = 170 Hz/px, resolution = 1.0 x 1.0 x 1.0 mm, slices = 176 sagittal slices,
multi-slice mode= single shot, ascending) and T2-weighted image (TR = 7970ms, TE = 120 ms,
flip angle = 90°, FOV read = 256 mm, FOV phase = 100%, bandwidth = 362 Hz/Px, resolution =

1.0 x 1.0 x 1.1 mm, slice gap = 10%, slices = 128, multi-slice mode = interleaved, ascending)
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were obtained as high-resolution anatomical references. We acquired resting state and

functional localizer data using acquisition parameters identical to the main experimental runs.

Preprocessing

All MRI data was first converted to BIDS format (K. J. Gorgolewski et al., 2016). All data from all
sessions was then preprocessed using the standardized fMRIPrep preprocessing pipeline. As
recommended by fMRIPrep to increase transparency and reproducibility in MRI preprocessing,
we copy their generated preprocessing text in its entirety below:
Results included in this manuscript come from preprocessing performed using
fMRIPrep 20.2.1 (Esteban et al., 2019, 2022; RRID:SCR_016216), which is
based on Nipype 1.5.1 (Esteban, Oscar et al., 2022; K. Gorgolewski et al., 2011;
RRID:SCR_002502).

Anatomical data preprocessing

A total of 1 T1-weighted (T1w) images were found within the input BIDS dataset.
The T1-weighted (T1w) image was corrected for intensity non-uniformity (INU)
with N4BiasFieldCorrection (Tustison et al., 2010), distributed with ANTs 2.3.3
(Avants et al., 2008, RRID:SCR_004757), and used as T1lw-reference
throughout the workflow. The T1lw-reference was then skull-stripped with a
Nipype implementation of the antsBrainExtraction.sh workflow (from ANTS),
using OASIS30ANTS as target template. Brain tissue segmentation of
cerebrospinal fluid (CSF), white-matter (WM) and gray-matter (GM) was
performed on the brain-extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823,
Zhang et al., 2001). Brain surfaces were reconstructed using recon-all
(FreeSurfer 6.0.1, RRID:SCR_001847, Dale et al., 1999), and the brain mask
estimated previously was refined with a custom variation of the method to
reconcile ANTs-derived and FreeSurfer-derived segmentations of the cortical
gray-matter of Mindboggle (RRID:SCR_002438, Klein et al., 2017). Volume-
based spatial normalization to one standard space (MNI152NLin2009cAsym)
was performed through nonlinear registration with antsRegistration (ANTs 2.3.3),
using brain-extracted versions of both T1w reference and the T1w template. The

following template was selected for spatial normalization: ICBM 152 Nonlinear
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Asymmetrical template version 2009c [Fonov et al., 2009, RRID:SCR_008796;
TemplateFlow ID: MNI152NLin2009cAsym].

Functional data preprocessing

For each of the 62 BOLD runs found per subject (across all tasks and sessions),
the following preprocessing was performed. First, a reference volume and its
skull-stripped version were generated using a custom methodology of fMRIPrep.
A BO-nonuniformity map (or fieldmap) was estimated based on a phase-
difference map calculated with a dual-echo GRE (gradient-recall echo)
sequence, processed with a custom workflow of SDCFlows inspired by the

epidewarp.fsl script and further improvements in HCP Pipelines (Glasser et al.,

2013). The fieldmap was then co-registered to the target EPI (echo-planar
imaging) reference run and converted to a displacements field map (amenable to
registration tools such as ANTs) with FSL’s fugue and other SDCflows tools.
Based on the estimated susceptibility distortion, a corrected EPI (echo-planar
imaging) reference was calculated for a more accurate co-registration with the
anatomical reference. The BOLD reference was then co-registered to the T1w
reference using bbregister (FreeSurfer) which implements boundary-based
registration (Greve & Fischl, 2009). Co-registration was configured with six
degrees of freedom. Head-motion parameters with respect to the BOLD
reference (transformation matrices, and six corresponding rotation and
translation parameters) are estimated before any spatiotemporal filtering using
mcflirt (FSL 5.0.9, Jenkinson et al., 2002). BOLD runs were slice-time corrected
using 3dTshift from AFNI 20160207 (Cox & Hyde, 1997, RRID:SCR_005927).
The BOLD time-series (including slice-timing correction when applied) were
resampled onto their original, native space by applying a single, composite
transform to correct for head-motion and susceptibility distortions. These
resampled BOLD time-series will be referred to as preprocessed BOLD in
original space, or just preprocessed BOLD. The BOLD time-series were
resampled into standard space, generating a preprocessed BOLD run in
MNI152NLin2009cAsym space. First, a reference volume and its skull-stripped
version were generated using a custom methodology of fMRIPrep. Several
confounding time-series were calculated based on the preprocessed BOLD:

framewise displacement (FD), DVARS and three region-wise global signals. FD
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was computed using two formulations following Power (absolute sum of relative
motions, Power et al., 2014) and Jenkinson (relative root mean square
displacement between affines, Jenkinson et al., 2002). FD and DVARS are
calculated for each functional run, both using their implementations in Nipype
(following the definitions by Power et al., 2014). The three global signals are
extracted within the CSF, the WM, and the whole-brain masks. Additionally, a set
of physiological regressors were extracted to allow for component-based noise
correction (CompCor, Behzadi et al., 2007). Principal components are estimated
after high-pass filtering the preprocessed BOLD time-series (using a discrete
cosine filter with 128s cut-off) for the two CompCor variants: temporal
(tCompCor) and anatomical (aCompCor). tCompCor components are then
calculated from the top 2% variable voxels within the brain mask. For aCompCor,
three probabilistic masks (CSF, WM and combined CSF+WM) are generated in
anatomical space. The implementation differs from that of Behzadi et al. in that
instead of eroding the masks by 2 pixels on BOLD space, the aCompCor masks
are subtracted a mask of pixels that likely contain a volume fraction of GM. This
mask is obtained by dilating a GM mask extracted from the FreeSurfer’s aseg
segmentation, and it ensures components are not extracted from voxels
containing a minimal fraction of GM. Finally, these masks are resampled into
BOLD space and binarized by thresholding at 0.99 (as in the original
implementation). Components are also calculated separately within the WM and
CSF masks. For each CompCor decomposition, the k components with the
largest singular values are retained, such that the retained components’ time
series are sufficient to explain 50 percent of variance across the nuisance mask
(CSF, WM, combined, or temporal). The remaining components are dropped
from consideration. The head-motion estimates calculated in the correction step
were also placed within the corresponding confounds file. The confound time
series derived from head motion estimates and global signals were expanded
with the inclusion of temporal derivatives and quadratic terms for each
(Satterthwaite et al., 2013). Frames that exceeded a threshold of 0.5 mm FD or
1.5 standardised DVARS were annotated as motion outliers. All resamplings can
be performed with a single interpolation step by composing all the pertinent
transformations (i.e. head-motion transform matrices, susceptibility distortion

correction when available, and co-registrations to anatomical and output spaces).
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Gridded (volumetric) resamplings were performed using antsApplyTransforms
(ANTSs), configured with Lanczos interpolation to minimize the smoothing effects
of other kernels (Lanczos, 1964). Non-gridded (surface) resamplings were

performed using mri_vol2surf (FreeSurfer).

Many internal operations of fMRIPrep use Nilearn 0.6.2 (Abraham et al., 2014,
RRID:SCR_001362), mostly within the functional processing workflow. For more

details of the pipeline, see the section corresponding to workflows in fMRIPrep’s

documentation.
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Next, the fMRI data from the main experimental runs (sessions 2-5) underwent temporal
resampling. In detail, we resampled each voxel’s time series using cubic interpolation to change
the acquisition TR of 1.75 second to a new TR of 1 second. The 1.75 second acquisition TR
combined with a 4 second trial length allowed for a dense sampling of the BOLD response
relative to stimulus onset and thereby a good estimate of the BOLD response shape. However,
as on every trial the timing of MR acquisition with respect to the trial was different, analysis of
the BOLD response time-locked to the onset of each trial was cumbersome. The interpolation to
a 1 second TR achieved a time series with regular sampling of the BOLD response relative to

stimulus onset, enabling analysis time-locked to the onset of the videos.

Functional localizer scans were subsequently smoothed with a 9 mm full width half maximum of

the Gaussian kernel. The main experimental functional runs use unsmoothed data.

General linear model

Functional localizer

To model the hemodynamic response to the localizer videos, the preprocessed fMRI data,
video, and fixation baseline onsets and durations were included in a general linear model
(GLM). Motion and run regressors were included as regressors of no interest. All regressors
were convolved with a hemodynamic response function (canonical HRF) to calculate beta

estimates.
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Main experiment

We modeled the BOLD-signal of each voxel in the preprocessed fMRI data of each participant
as a weighted combination of simple Finite Impulse Response (FIR) basis functions. We
modeled the BOLD response with respect to each video onset from 1 to 9 seconds in 1 second
steps (corresponding to the resolution of the resampled time series). Within this time interval the
voxel-wise time course of activation was high-pass filtered (removing signal with f<1/128 Hz)
and serial correlations due to aliased biorhythms or unmodelled neuronal activity were

accounted for using an autoregressive AR(1) model.

Using FIR in the way described above, we modeled every trial in the experimental run of each
session, simultaneously capturing the spatial variability and the temporal evolution of brain
responses underlying visual event understanding. For every session we generated separate FIR
models for training and testing sets. Overall, for each video condition in the testing set we
extracted 10 (repetitions) x 9 (seconds) estimated beta values, and for each video condition in

the training set we extracted 3 (repetitions) x 9 (seconds) beta estimates.

ROI definitions of early visual cortex and ventral visual stream

We computed five t-contrasts (FWE corrected at p=0.05) per subject based on the beta values
from the localizer experiment to quantify category-specific voxel activations. The t-contrasts
were used to localize voxels in early visual regions (objects & scrambled objects > baseline;
V1v, V1d, V2v, V2d, V3v, V3d, hV4), a body-selective region (bodies > objects; EBA), an object-
selective region (objects > scrambled objects; LOC), face-selective regions (faces > objects;
FFA, OFA, STS), and scene-selective regions (scenes > objects; PPA, RSC, TOS). Together,
these 15 ROIs cover brain regions along the ventral visual pathway thought to transform low-

level visual features into complex, semantic representations useful for object recognition.

The ROI masks for each subject were defined using the subject’s t-contrast maps. Voxels
outside the anatomical region of interest were manually set to 0, and ROIs were limited to 1,000
voxels in size. In the event that two or more ROIls overlapped, we used a probability map
computed from all ten subjects’ t-contrasts to assign each overlapping voxel to the ROl it most

likely belonged to. In detail:
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We first created a probabilistic map for each of the 8 category-selective and 7 early visual ROIs,
using data from all 10 subjects. Each subject’s five t-contrast maps from the localizer
experiment were family-wise error (FWE) corrected at p = 0.05. We then added each subject’s
binarized version of the FWE corrected t-contrast maps (1 if the voxel passed FWE correction, 0
if not) and divided by the total number of subjects. This resulted in 5 probabilistic maps
corresponding to each of the 5 t-contrasts, where each voxel had a value from 0 to 1 in steps of
0.1(0,0.1,0.2, ..., 1.0) representing the decimal percentage of the number of subjects where
that voxel was significant. We used the “objects & scrambled objects > baseline” t-contrast
probability map to define a probabilistic map for each of the 7 early visual ROIs by masking the
t-contrast probability map with the early visual masks defined by L. Wang et al., 2015. We used
the remaining 4 category-selective t-contrast probabilistic maps to define a probabilistic map for
each of the 8 category-selective ROIs by visually inspecting the appropriate t-contrast
probability map (e.g. inspecting the scenes > objects t-contrast probability map to define the
scene-selective ROIs) and manually setting the voxels clearly outside the region of interest to 0.

This way we defined a total of 15 separate probabilistic maps.

Next, we defined 15 ROI masks for each subject. For each subject, we masked their own
appropriate FWE corrected t-contrast map with the corresponding binarized t-contrast
probability map. The ROIs were limited to the top 1,000 voxels. This process resulted in fifteen

subject-specific ROl masks.

Lastly, we assigned any overlapping voxels to a single ROI. In the event two or more voxels
overlapped, we assigned the overlapping voxels to a single ROI based on the ROI probability
map in step 1. Exemplified for two ROIs A and B, if ROl A and ROI B overlapped on voxel x, we
indexed into ROI A’s probability map at voxel x and ROI B’s probability map at voxel x. We
assigned voxel x to the ROI with the higher probability. If ROl A and B have equal probabilities
at voxel x, we grew a patch by one voxel along each dimension and compared the ROIs’ mean
probabilities within that patch. This process was repeated until there was no longer a tie

between ROIs and each ROI was non-overlapping.
Subject 6 did not show any responses in TOS and RSC, and subject 7 did not show any

responses in RSC. The ROI masks were used in subsequent analyses to extract active voxels

within a subject’s ROI during the main experiment.
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ROI definitions of dorsal visual stream

We additionally defined dorsal regions of interest using anatomical landmarks, since our
functional localizer was designed to define early visual and ventral category-selective regions
only. All dorsal regions were defined the same way for all subjects. Specifically, we use the
maximum probability map in Wang et al. (2015) to anatomically define area VV3ab (grouping
areas V3a and V3b), IPS0, and IPS1-2-3 (grouping areas IPS1, IPS2, and IPS3). We
additionally define 7AL, BA2, PFt, and PFop in more superior regions of the dorsal stream using

the atlas described in Glasser et al., 2016.

Univariate split-half reliability analysis

To select voxels with high signal-to-noise ratio, we defined a selection criteria based on split-half
trial reliability. Our assumption behind the criteria was that the voxel responses on different trials
corresponding to the same video should be more correlated with each other than voxel
responses to different videos. As the voxel response to a video, we used the beta estimates
from the FIR model averaged over time points TR 5-9 (representing the peak of a typical BOLD

signal). We then z-scored the voxel responses across the videos.

We divided the voxel responses of the testing set stimuli trials (n=10 trials) into two equal splits
and calculated the Pearson correlation (p) between the splits. The split-half reliability was
calculated using the Spearman-Brown formula (2p/(1 + p)), where the maximum reliability is 1.
We calculated the split-half reliability for all possible combinations of splits and used the mean

reliability as the reliability for that voxel.

To assess if reliability is better than chance, we first estimated chance-level reliability. For each
voxel, we calculated the split-half reliability for all possible combinations of splits while randomly
permuting the video indices for one of the two splits. This process was repeated 100 times with
a different video index permutation each time. This procedure resulted in 100 random reliability
values for each voxel, which was used to calculate a p-value. The voxels that satisfy our
reliability criteria (p < 0.05) are referred to as “reliable voxels”. Due to the testing set’s high

number of repetitions, the reliable voxels were defined using data from the testing set runs.
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Multivariate searchlight-based reliability analysis

We computed the upper and lower noise ceilings at each voxel in the whole brain using the
testing set and present subject-specific and subject-averaged results (Supplementary Figure
S3). For each subject separately, the raw beta values at each voxel were z-scored across
stimuli, averaged across TRs 5-9, and averaged across stimuli repetitions to result in a
(n_stimuli x 1) vector of beta values. A spherical searchlight with radius 4 voxels was defined
and centered on a voxel v. The (n_stimuli x 1) vector of beta values over all voxels contained
within the searchlight sphere compose a (n_stimuli x n_voxel) matrix. The 1-Pearson correlation
of the matrix resulted in a single Representational Dissimilarity Matrix (RDM) of size (n_stimuli x
n_stimuli) for the voxel v. The searchlight then centered on the next voxel, and the procedure
was repeated until an RDM was calculated for each voxel. This procedure was repeated for

each of the 10 subjects.

To compute the upper noise ceiling at voxel v, the voxel's searchlight-computed RDM from one
subject was correlated (Spearman’s R) with the 10-subject group averaged RDM. The average
of each subject’s correlation to the 10-subject group averaged RDM is the upper noise ceiling
for voxel v. This process was repeated over all voxels to result in the upper noise ceiling values
throughout the whole brain displayed in Figure 3B. The upper noise ceiling estimates the

highest correlation that a model can be expected to obtain given the noise in the data.

To compute the lower noise ceiling at voxel v, the voxel’'s searchlight-computed RDM from one
left-out subject was correlated (Spearman’s R) with the remaining 9-subject group averaged
RDM. The average of each left-out subject’s correlation to the corresponding 9-subject group
averaged RDM is the lower noise ceiling for voxel v. This process was repeated over all voxels

to estimate the lower noise ceiling values throughout the whole brain.

Action recognition TSM ResNet50 model training

The model adopts the architecture of a Temporal Shift Module (TSM) (Lin et al., 2019), with

ResNet50 as the backbone network. We trained our model on the M4 (Multi-Moments minus
Memento) training dataset for 120 epochs by using LSEP loss (Monfort et al., 2022). The M4
training dataset consists of 1,012,169 videos which are in the Multi-Moments in Time dataset

but not in the Memento dataset to ensure no overlap with the 1,102 BMD stimuli. Our model
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was initialized with the weights of the ResNet50 trained on ImageNet-1k dataset. During the
training phase, our model split the input video into 8 segments and sampled 1 frame from each
segment. We used SGD optimizer to optimize our model. The learning rate followed the cosine
learning rate schedule and was initialized as 0.02. The weight decay was set to be 0.0001. The
model achieved a precision-at-one score 0.593, a precision-at-five score of 0.829, and a mAP
score of 0.636 (loss of 2.75054).

DNN block to cortex correspondence procedure

We used an encoding model procedure to quantify the correspondence between DNN Blocks
and regions of cortex. For the DNN, we train a Temporal Shift Module (TSM) network (Lin et al.,
2019) with a ResNet50 backbone on the M4 dataset (Multi-Moments in Time Minus
Mementol10Kk). In this way, we achieved a model that consecutively processed video frames (as
opposed to frame averages), incorporated biologically necessary recurrent computations, and
learned to perform a video-based task (i.e. action recognition) from the same set of short,

natural videos of which we sample the BMD stimuli.

We ran inference on the TSM ResNet50 model using the 1,102 videos used in the fMRI
experiment and extracted the activations for each video. The activations for a given block were
extracted after the nonlinearity. We then used an encoding model procedure. In detail, we fit a
voxel-wise linear model that predicted each individual voxel response (beta values z-scored
across stimuli and averaged over TRs 5-9) from the DNN activations of the training set, and
then evaluated the model on its ability to predict voxel responses to the videos of the testing set.
We only predicted the values of the voxels that met the split-half reliability criteria, as described
in the “Univariate Split-Half Reliability Analysis” methods section above, in order to model
meaningful signal. The DNN activations underwent PCA (n=500) to ensure fair comparison of
activations of different embedding sizes. For each voxel v, we fit a linear model from the training
set DNN activations (size (n_training_videos x n_PCA_components)) to the training set fMRI
responses averaged over the 3 trial repetitions (size (n_training_videos x n_voxels)). We then
predicted testing set voxel responses (size (n_testing_videos x n_voxels)) by applying the linear
fit on the testing set DNN activations (size (n_testing_videos x n_PCA_components)). We
evaluated the performance of the prediction by correlating (Pearson) the predicted testing set
voxel responses with the true testing set fMRI responses of each of the 10 testing set repetitions
(size (n_testing x n_voxels)). The final performance of the prediction is the average correlation

of the 10 repetitions. The noise-normalized correlation is this 10-repetition average Pearson
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correlation divided by the voxel’s split-half correlation value (the pearson correlation value

before Spearman-Brown).

In this way, we obtained an encoding model accuracy (correlation) at each voxel in the whole
brain for each of the four ResNet50 Blocks and for each subject. We averaged the noise
normalized correlation at each voxel across subjects for each of the four Blocks and displayed

the results in a whole-brain volume (Figure 4B).

We then computed the difference in encoding accuracy between Block 1 and Block 4 at each of
the 22 ROIs to determine if a region’s brain responses were predicted significantly better by
activations of early or late DNN Blocks. For each subject, we computed both Block 1 and Block
4’s average noise-normalized correlation (encoding accuracy) within each ROl and took the
difference (Block 1 - Block 4). We then performed a t-test (one-sample, two-sided) against a null
hypothesis of zero correlation and corrected for multiple comparisons across ROIs (Bonferroni,
p < 0.05 with n=22). We plotted the subject-averaged Block 1 - Block 4 noise-normalized
correlation differences and denoted the significant ROIs with an asterisk and a color
corresponding to significance with Block 1 (blue) and BLock 4 (red) (Figure 4C). See

supplementary Figure S7 to see each Block’s encoding accuracy at each ROI.

Shuffling analysis to determine importance of temporal order

To determine whether the temporal order of visual information is preserved in fMRI responses of
the human visual system, we compared the encoding performance of the TSM model trained on
the M4 dataset (Multi-Moments in Time Minus Memento10k) with preserved order of visual
information with the model with a randomly shuffled order of visual information. TSM requires
eight frames as the input to the model. These frames were sampled uniformly. In the original
(unshuffled) order, the order of frames was preserved for all the videos. In the shuffled case, the
indices of the frames were shuffled randomly, and then for all the videos, the same order of
shuffled indices was used to create the input to the TSM model. We used ten such random

shuffles of indices to introduce more randomness.
We first extracted the activations from the four blocks of the TSM model for the unshuffled case

and each shuffled case. Then we performed PCA to extract the top 100 components for each

block. Then, we performed an encoding model procedure to predict the fMRI responses of the
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testing videos. We repeated the shuffling ten times and then took the mean encoding correlation
across ten shuffles to compare with the encoding results using unshuffled order of frames. As
brain responses, we used beta values z-scored across stimuli and averaged over TRs 5-9. We
only predicted the “reliable” voxels, as defined in the “Univariate Split-Half Reliability Analysis”

methods section above.

At each of the four blocks, we computed the difference in encoding accuracy (correlation)
between activations that used the unshuffled and shuffled video input (unshuffled minus
shuffled). We visualized the difference in correlation at each block in a whole-brain volume
(Figure 5B). Within each Block, we then computed the difference in encoding accuracy
(unshuffled minus shuffled) within each ROI. We performed a t-test (one-sample, two-sided)
between the subject-averaged difference in correlation and a null hypothesis correlation of zero.
We corrected for multiple comparisons across ROIs (Bonferroni, p < 0.05 with n=22). The bar
plot in Figure 5C displays the subject-averaged unshuffled minus shuffled correlation difference
at each TSM ResNet50 Block and ROI. Significant blocks were marked with an appropriately

colored asterisk.

Encoding and variance partitioning analysis procedure

The encoding algorithm involved two steps. In the first step we non-linearly transformed the
stimuli videos from pixel space to the feature space of a computer vision model, using a deep
neural network (DNN). We fed the first and third video second frames of the 1000 training and
102 testing videos to an AlexNet architecture (Krizhevsky et al., 2017) pre-trained on the
ILSVRC-2012 image classification challenge (Russakovsky et al., 2015), and we extracted the
corresponding feature maps at each layer. We then applied the following operations to the
feature maps of both video seconds (first and third), independently: we appended the feature
maps of all layers, averaged them across frames, standardized them (using the mean and
standard deviation of the training videos feature maps) and downsampled them to 100
components through principal components analysis (PCA) (computed on the training videos
feature maps). This resulted in the training feature maps of shape (1000 training videos x 100
features x 2 video seconds), and test feature maps of shape (102 testing videos x 100 features
x 2 video seconds). In the second step, we linearly mapped the stimuli videos feature space
onto voxel space, thus predicting the fMRI responses to videos. For each combination of (10

subjects x N fMRI voxels x 9 fMRI TRs), we trained the weights of a linear regression to predict
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the fMRI training data (averaged over the three repeats) using the training feature maps of both
video seconds independently as predictors, and then multiplied the learned weights with the test
feature maps. This resulted in two synthetic fMRI test data instances of shape (10 subjects x

102 test videos x 9 fMRI TRs x N fMRI voxels), one for each video second.

To test our hypothesis we ran a variance partitioning analysis between the biological fMRI test
data and the two instances of synthetic fMRI test data. At each subject, TR, and voxel we ran a
searchlight (Kriegeskorte et al., 2006) to calculate the portion of the biological fMRI test data
(averaged over the ten repeats) uniquely explained by, respectively, the synthetic fMRI test data
of the first or third video seconds. We then observed at which TRs the unique variance
explained by the two versions of synthetic test data peaked, and subtracted the peak TR of the
first video second synthetic data from the peak TR of the third video second synthetic data.
Next, we created subject wise binary whole brain masks with ones in voxels that show TR peak
differences in the range 1 to 3 and zeros elsewhere, summed the binary masks across subjects,

and performed a binomial test with FDR correction to remove the non-significant voxels.

The variance partitioning analysis for the ROIs was similar but performed on the reliable (split-
half reliability p<0.05) voxels within each ROI. Again, this results in time courses that reveal how
well the synthetic fMRI test data from either the first or third video second explains the real fMRI
data at each of the nine TRs. To quantify this difference, we again subtracted the peak TRs of

the first and third video second synthetic data.

RSA-based decoding analysis procedure

The decoding analysis is based on Representational Similarity Analysis (RSA) (Kriegeskorte et
al., 2008) and broadly consists of correlating a Representational Dissimilarity Matrix (RDM)
defined by the metadata with a RDM at each voxel in the brain defined by the brain responses
(Figure 7A).

To define the metadata RDM, we feed the 5 scene, 5 action, and 5 text caption metadata
annotations from each of the 102 testing set videos into a language model to generate vector
embeddings for each label. The scene and action labels were fed into the FastText model
(Bojanowski et al., 2017) to compute single-word embeddings and the text descriptions were fed

into the Sentence-BERT (Reimers & Gurevych, 2019) model to compute sentence-level
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embeddings. To minimize the effect of noise in the annotations, we average the 3 most similar
vector embeddings together to result in a single vector embedding that represents the scene,
action, or text caption for that video. We then compute the pairwise cosine distance between
each video’s vector embedding to produce a single 102 x 102 Representational Dissimilarity
Matrix (RDM) for the scene, action, and text caption metadata. Figure 7B shows the rank-
normalized (rank each distance value and divide by the maximum rank) RDM for the scene,
action, and text description RDMs, respectively. We did not perform this analysis on the object
labels since the 5 object labels often describe up to 5 different objects within the video, thus
interjecting noise. The 5 scene, action, and text description labels, on the other hand, mostly

described the same scene, action, or overall description.

To define the RDMs at each voxel in the brain for each subject, we perform a searchlight
analysis in the way described in the “multivariate searchlight-based reliability analysis” methods
section. To summarize, we center a sphere (radius of 4 voxels) around voxel v and extract the
beta values (TRs 5-9 averaged over repetitions and z-scored across conditions) for all testing
set conditions at all voxels encompassed in the sphere. Each stimuli thus has a corresponding
vector of beta values, one from each voxel within the searchlight sphere. We compute the 1 -
Pearson R correlation between all pairs of stimuli vectors to obtain an RDM at the centered

voxel v. We repeat this process for all voxels in the whole brain for each subject.

We then correlate (Spearman’s R) the metadata RDM (cosine-distance, not rank-normalized)
with the searchlight-based RDMs at each voxel for each of the 10 subjects separately. For the
whole-brain analysis (Figure 7C), we compute a t-test (1-sample, 2-sided) against a null
hypothesis of a correlation of O at each voxel then perform FDR correction (q=0.05, assuming
positive correlation) on all p-values in the whole brain to obtain a set of significant voxels. We
compute the noise-normalized correlation by dividing the correlation with the voxel’s upper noise
ceiling and plot the 10-subject average noise-normalized correlation at each significant voxel.
For the ROI-based analysis (Figure 7D), after we correlate (Spearman’s R) the metadata RDM
with the searchlight-based RDM at each voxel, we compute the average noise-normalized
correlation within each ROI. We compute a t-test (paired, 2-sided) between each ROI’s average
noise-normalized correlation and “V1v”’s average noise-normalized correlation and correct for
multiple comparisons (Bonferroni, p < 0.05 with n=21). The bar plots in Figure 7D depict the 10-

subject averaged noise-normalized correlations within each ROI.
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Memorability analysis procedure

For each subject, we averaged the beta values (z-scored across conditions) over TRs 5-9 and
over repetitions (3 repetitions per training set stimuli and 10 repetitions per testing set stimuli) to
obtain one beta value per video. From the memory game implemented by Newman et al., 2020,
we had one memorability score per video. Under the hypothesis that the magnitude of brain
response positively correlates with stimuli memorability (Bainbridge et al., 2017; Bainbridge &
Rissman, 2018; Jaegle et al., 2019), we performed a ranked correlation (Spearman’s R)
between the vector of memorability scores (size (1102 x 1)) and the vector of beta values (size
(1102 x 1)) at each voxel for each subject. In this way, we obtained a correlation value at each

voxel in the brain for each subject.

For the whole-brain analysis, we first performed a t-test (one-sample, one-sided) at each voxel
against a null hypothesis of zero correlation. We then performed FDR correction on the p-values
(g=0.05, assuming positive correlation). We visualized the subject-averaged correlations of the

significant voxels that passed FDR correction in the whole-brain volume (Figure 8B).

For the ROI analysis, we computed the average correlation within each ROI for each subject.
We then computed a t-test (one-sample, one-sided) for each ROI against a null hypothesis of
zero average correlation and corrected for multiple comparisons (Bonferroni, p<0.05 with n=22).
We plotted the subject-average correlation at each ROI (Figure 8C) and denoted significance

with an asterisk and a green colored bar.

Data and Code Availability

Upon peer-reviewed publication, the raw (dicom) and pre-processed ()MRI data, ROl masks,
stimulus set, stimulus metadata, ResNet50 TSM model weights (and GitHub link to training
code), The Algonauts Project 2021 supplementary material, and analysis starter scripts (in
Matlab and Python) will be made available for download through the Open Science Framework
(OSF).
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Figure S1: Localizer and resting state functional scan data quality

Panels compares boxplots of IQM values for each subject for the localizer and resting state functional
tasks in the BOLD Moments experiment (per subject: localizer, n=5; resting state, n=5) with anonymous
BOLD data pulled from the MRIQCeption API (BOLD, n=687). MRIQCeption does not distinguish
between different tasks within BOLD scans. The boxplot extends 1.5 times the high and low quatrtiles,
with outliers defined as a scan with a value outside that range and denoted by diamonds. The up or down

arrows after the IQM title correspond to whether higher or lower IQM values denote higher data quality.
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Figure S2: Whole-brain split-half reliability for all subjects

The glass brains show the split-half reliability (Spearman Brown) at every voxel for each of the ten
subjects. A Pearson R correlation value was obtained by correlating random splits of the 10 repetitions
from the 102 testing videos. The Spearman Brown split-half reliability was computed using the Pearson R
(p) value obtained above in the formula: Spearman Brown = (2p/(1 + p)).
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Figure S3: Whole-brain multivariate searchlight-based noise ceilings for all

subjects

(A) Lower noise ceiling: The lower noise ceiling is computed using a leave-one-out correlation
procedure, where a subject's RDM at a given voxel v is correlated (Spearman’s R) with the remaining
nine-subject average RDM at that voxel v, repeated over all voxels. (B) Upper noise ceiling: The upper
noise ceiling is computed by correlating (Spearman’s R) a subject’'s RDM at a given voxel v with the ten-
subject group average RDM at that voxel v, repeated over all voxels. We show the whole-brain
visualization for the upper and lower noise ceilings averaged over all subjects (top row) and each subject
individually (bottom). The brain responses used to compute the RDMs are from the beta values of the

testing set.
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Figure S4: ROI reliability and size separated for each subject

Barplots of the total number of voxels in the ROl mask (gray bar) and the total number of reliable voxels

(p < 0.05, Spearman-Brown) in the ROI mask (red bar) for each subject across the twenty-two ROIs.

Subject 6 did not show any activation from the functional localizer task for ROl TOS, and subject 7 did not

show any activation from the functional localizer task for ROIs RSC and TOS.
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Figure S5: Average reliability in each ROI for each subject

Barplots of the average split-half reliability in each ROI of all reliable voxels. Separated for each subject.

64


https://doi.org/10.1101/2023.03.12.530887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.12.530887; this version posted March 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

% of subjects

B B 15t epoch model
I 3rd epoch model

Vid Vv vad

P il | bbbk oL

ool bkbiddd ool | ibbbi

Pol kbl | culiliie | sdddds

TOS V3ab

gggi++ﬁi:i..jj# H++|+-I-l“ﬁj]j ._Jjnii.nja.i

IPSO IPS1-2-3 TAL

ool o poddbbdd Lo saddddd L ks

PFop

e .
co® .. L ® .
5 ofe- md-:“d-l—l.-n—l. _+_+,4.4._L.JJ.|.*-|.&4_.. ek oy _,J_i_'.d-!.:..LLA_

1 2 3 45 6 7 8 9 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
TRs TRs TRs

Figure S6: Encoding the temporal dynamics of the BOLD signal.

(A) Whole-brain analysis: Each voxel shows the percentage of subjects with a TR peak difference of 2
TRs at that specific voxel. Only significant voxels are plotted (p < 0.05, binomial test, FDR corrected). The
effect of interest is showing predominantly in the visual cortex. (B) ROI analysis: Unique variance
explained by the first and third video epoch (second) synthetic fMRI data, at each TR. Error margins
reflect 95% confidence intervals. Asterisks indicate unique variance scores significantly greater than 0.
Blue/orange asterisks indicate the significant unique variance peak TRs of the first/third video epoch
synthetic fMRI data.
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Figure S7: ROI-based Predictivity of the TSM ResNet50 Model

The barplot shows the noise-normalized predictivity of each TSM ResNet50 DNN block at each of the 22
ROIs. The values plotted are the mean ROI prediction over subjects. Error bars depict the 95%
confidence interval. Data is from n=10 subjects except for TOS (n=8, no responses from subjects 6 and

7) and RSC (n=9, no responses from subject 7).

66


https://doi.org/10.1101/2023.03.12.530887
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.12.530887; this version posted March 13, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Structural and functional scan quality assessment

We use MRIQC (Esteban et al., 2017) to measure the quality of our study’s original or minimally
preprocessed structural and functional MRI scans. MRIQC is an open-source software that
outputs a large and diverse set of image quality metrics (IQMs) to comprehensively quantify the
quality of (f)MRI data in a standardized and reproducible manner. IQMs are calculated at the
level of a single run, and group reports are generated for all T1w, T2w, and BOLD runs in the
study. We present a representative subset of 6 IQMs to summarize the quality of our structural
scans and another subset of 6 IQMs to summarize the quality of our functional scans. Note that
no set of metrics can fully describe data quality in itself. Thus, when choosing IQMs to represent

the structural and functional scan quality, we primarily considered the following three criteria:

First, the representative IQMs for the structural scans and for the functional scans should

capture metrics especially relevant to the properties of structural and functional scans.

Second, IQMs that are useful for describing the quality of both structural and functional scans
are preferred in order to create more cohesive and shared IQM subsets between the structural

and functional scans.

Third, IQMs commonly reported in previous literature are preferred in order to increase

comparisons across studies and be more familiar to readers.

We additionally use MRIQCeption to contextualize our study’s group reported results within a
large collection of anonymized group reports from studies of comparable scanner parameters (1
<Tesla<3,1<=TR<3).

For structural (T1w and T2w) scans, we present the results from the following IQMs:

SNR Total - Signal to Noise Ratio: SNR Total for structural scans is computed by averaging
the SNR across the cerebrospinal fluid (snr_csf), gray matter (snr_gm), and white matter

(snr_wm). SNR is calculated by the following formula:
HUF

opn(n—1)
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Where ur is the mean intensity of the foreground, or is the standard deviation of the foreground
intensity, and n is the number of voxels in the foreground mask. Higher values correspond to
higher quality.

CNR - Contrast to Noise Ratio: CNR, an extension of SNR, computes the absolute value
difference of the gray and white matter image values (|]Sw - Sg|) and divides them by the
standard deviation of the values in the surrounding air (oair). Higher values correspond to higher
quality.

CJV - Coefficient of Joint Variation: CJV is the ratio of the coefficient of variation in the gray
matter to the coefficient of variation in the white matter. Lower values correspond to higher
quality.

EFC - Entropy Focus Criterion: EFC is the shannon entropy of voxel intensities normalized by
the maximum shannon entropy value. It measures ghosting and blurring due to head motion.
Lower values correspond to higher quality.

FWHM Avg - Average Full-Width Half Maximum Smoothness: FWHM Avg is the average
spatial distribution of voxel intensities in an image using a gaussian width estimator. Lower
values correspond to higher quality.

FBER - Foreground-Background Energy Ratio: FBER is the ratio of the mean energy inside
the head to the mean energy outside the head. Higher values correspond to higher quality.

For functional scans, we present the results from the following IQMs:

SNR - Signal to Noise Ratio: SNR for functional scans is calculated by the following formula:
HF

UF\/m
Where uy is the mean intensity of the foreground, oy is the standard deviation of the foreground
intensity, and n is the number of voxels in the foreground mask. Higher values correspond to
higher quality.
tSNR - Temporal Signal to Noise Ratio: tSNR divides the mean BOLD signal across time by
the temporal standard deviation map. Higher values correspond to higher quality.
FD Mean - Mean Framewise Displacement: FD Mean computes the average displacement of
all six motion parameters. Lower values correspond to higher quality.
FWHM Avg - Average Full-Width Half Maximum Smoothness: FWHM Avg is the average
spatial distribution of voxel intensities in an image using a gaussian width estimator. Lower

values correspond to higher quality.
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AOR - AFNI Outlier Ratio: AOR is the average fraction of outliers found in each fMRI volume
as computed by AFNTI’s “3dToutcount” function. Lower values correspond to higher quality.
AQI - AFNI Quality Index: AQI computes the average distance between each volume and the

median volume of a series, given by AFNI's “3dTqual” function. Lower values correspond to
higher quality.
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The Algonauts Project 2021 challenge approaches of the top

three winners

The Algonauts Project 2021: How the Human Brain Makes Sense of a World in Motion is an
open challenge that took place during the spring and summer of 2021 and culminated in an
interactive workshop and speaking event at the Computational Cognitive Neuroscience (CCN)
conference (Cichy et al., 2021; Naselaris et al., 2018). For the challenge, participants submit the
predictions of their computational model on held-out brain data (see

http://algonauts.csail.mit.edu/challenge.html for the final challenge leaderboard and details). We

highlight the top three challenge entries, noting their different modeling approaches and

insights.

The first-place team “huze” approached this challenge using an ensemble of 6 different models
that together integrate meaningful features of video understanding: spatiotemporal, motion,
edge, and audio features. They then weighted the outputs of each model representation and
found that the predictivity for each ROI was highest when combining features from all models.
They additionally optimized the receptive field size for each of the four I3D RGB model layers
and ROI (Monfort et al., 2020). They showed that early ROIs benefited most from smaller
receptive fields on low-level layers (layers 1 and 2) and later ROIs benefited most from larger
receptive fields on high-level layers (layers 3 and 4), replicating neuroscience results (Dumoulin
& Wandell, 2008).

The second-place team “bionn” was interested in evaluating a range of DNNs from the more
classical supervised CNNs (AlexNet, VGG19, ResNet50, and ResNet152) to the more modern
contrastive learning and visual transformer networks (simclr, pclv2, and visual transformer
network ViT). They found the ResNet models, specifically ResNet152, outperformed the visual
transformer and contrastive learning networks. Similar to “huze”, “bionn” also took advantage of
pooling the model features to simulate small receptive fields for early regions and large

receptive fields for later regions.

The third-place team “shinji” experimented with state-of-the-art spatiotemporal vision features
from TimeSformer (Bertasius et al., 2021) and classical, neurophysiology-based motion energy
features (Nishimoto et al., 2011; Watson & Ahumada, 1985). Looking exclusively at the

TimeSformer model, they first saw that earlier layers (layers 4-6 out of 12) best predicted early
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visual regions (V1-V4) while later layers (layers 9-11 out of 12) best predicted later visual
regions (EBA, LOC, STS, FFA, and PPA). In early visual regions (V1-V3), the motion-energy
model outperformed the TimeSformer model, and in the later visual regions (V4, EBA, LOC,
STS, FFA, and PPA), the TimeSformer model was better. However, the combination of both the

TimeSformer and motion-energy features was best for all ROIs except for FFA, STS, and PPA.

For more details about the approaches of the top three challenge winners, see the PDFs of their

full reports, available with the dataset.
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