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Tool-selective lateral occipitotemporal cortex (LOTC) responds preferentially to images of tools (hammers, brushes) relative to non-tool
objects (clocks, shoes). What drives these responses? Unlike other objects, tools exert effects on their surroundings. We tested whether
LOTC responses are influenced by event schemas that denote different temporal relations. Participants learned about novel objects
embedded in different event sequences. Causer objects moved prior to the appearance of an environmental event (e.g. stars), while
Reactor objects moved after an event. Visual features and motor association were controlled. During functional magnetic resonance
imaging, participants viewed still images of the objects. We localized tool-selective LOTC and non-tool-selective parahippocampal
cortex (PHC) by contrasting neural responses to images of familiar tools and non-tools. We found that LOTC responded more to Causers
than Reactors, while PHC did not. We also measured responses to images of hands, which elicit overlapping responses with tools. Across
inferior temporal cortex, voxels’ tool and hand selectivity positively predicted a preferential response to Causers. We conclude that an
event schema typical of tools is sufficient to drive LOTC and that category-preferential responses across the temporal lobe may reflect
relational event structures typical of those domains.

Key words: category selectivity; causality; fMRI; lateral temporal lobe; tool-selective responses.

Introduction
Among the most classic findings in cognitive neuroscience is the
observation of an area in lateral occipitotemporal cortex (LOTC)
that responds preferentially to images of tools (hammers, rakes,
brushes) relative to other object kinds, including artifacts like
clocks and shoes (Martin et al. 1996; Chao et al. 1999; Valyear
et al. 2007; Vingerhoets et al. 2009; Anzellotti et al. 2011; Bracci
et al. 2011; Simmons and Martin 2011; Garcea and Mahon 2014).
Convergently, lesions to LOTC impair the recognition and naming
of tools (Damasio et al. 1996, 2004; Tranel et al. 1997; Brambati
et al. 2006; Campanella et al. 2010; Buxbaum et al. 2014).

However, the functional role of Tool LOTC remains a puzzle. It
is not characterized by a profile of specific shape selectivity. For
example, functionally localized Tool LOTC also responds to point-
light displays of mechanical motion more than biological motion
(Beauchamp et al. 2003). Most strikingly, Tool LOTC responds
not only to tools but also to images of hands, which are highly
dissimilar in form (Bracci et al. 2011, 2016, 2017). It responds both
to elongated and non-elongated tools more than non-tools (Chen
et al. 2018). Neither is its role specific to visual recognition. Its
preferential response to tools persists with auditorily (Noppeney
et al. 2006) and visually (Peelen et al. 2013) presented names as
well as item-elicited sounds (Lewis et al. 2005; Doehrmann et al.
2008) and is conserved in individuals born blind (Mahon et al.
2009, 2010; Peelen et al. 2013; Mattioni et al. 2020).

One hypothesis is that this preferential response is driven by
motor interaction experience. After participants learn to physi-
cally interact with novel objects, the response of areas close to
Tool LOTC increases relative to viewing objects with no action
experience (Weisberg et al. 2007). LOTC response is also larger to
familiar objects one tends to interact with (e.g. forks) relative to
less interactive objects, such as picture frames (Magri et al. 2021).
However, its role is unlikely in motor execution per se. Damage to
areas that anatomically span Tool LOTC affects the recognition
of tool-based actions but less so the execution of such actions
across a large meta-analysis of lesion data (Tarhan et al. 2016).
In anatomically similar areas, responses to observed actions are
similar across diverse physical manners of accomplishing a sim-
ilar goal (Oosterhof et al. 2010; Wurm and Lingnau 2015; Wurm
et al. 2017; Vannuscorps et al. 2018). Furthermore, participants
born without hands maintain a preferential response to hands
and tools in LOTC (Striem-Amit et al. 2017), suggesting that the
overlap between tool and hand responses is not due to their
coordination in motor experience. Overall, this work suggests that
the preferential responses in LOTC are not simply driven by motor
association.

We hypothesize that an important role of Tool LOTC is the
retrieval of an event schema, a representation capturing the
relations among objects and events that are typical of tools. Such
tool-canonical event schemas are ones in which the tool object is
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used to affect its surroundings (influence some outcome event).
These schemas are relational and abstract because what mat-
ters is how the object and other events are related, while the
specific visual and motor features of the objects and the events
can vary.

Behavioral findings demonstrate that learning how to interact
with man-made objects entails learning schemas about object-
outcome relations: Beyond their shapes or manner of interac-
tion, functional roles are central to the way even young children
classify novel artifacts (Gopnik and Sobel 2000; Kemler Nelson
et al. 2000; Nazzi and Gopnik 2003; Truxaw et al. 2006; Oakes and
Madole 2008; Hernik and Csibra 2009; Futó et al. 2010; Träuble
and Pauen 2011). Unlike the function of non-tool artifacts like a
book or a shoe, the function of tools like hammers or paintbrushes
involves a direct effect on a target. We hypothesize that Tool
LOTC is sensitive to such tool-specific schemas. In support of
a related idea, Bracci and Peelen (2013) found that Tool LOTC
responds weakly to objects one acts “on” (like tennis balls or
musical instruments) relative to familiar tools, which one acts
“with.”

Here we test one basic prediction of our hypothesis that tool-
canonical event schemas drive Tool LOTC: This area should
respond more to objects that move “prior to” an event in
their surroundings, rather than “following” the same event.
The former temporal event structure is consistent with a
relationship in which the object causes the event, as in the
canonical tool schema, while the latter is consistent with
a relationship in which the object responds to it, which is
not typical of tools. Causality entails more than temporal
structure, but we based this operationalization on our prior
research showing that adults’ judgments of objects’ causal
properties are reliably influenced by the temporal structure
of events associated with an object (Leshinskaya and Thomp-
son-Schill 2019). Here we tested whether such a schema
manipulation also affects the response of functionally localized
Tool LOTC.

Materials and methods
Overview
Prior to functional magnetic resonance imaging (fMRI) scanning,
participants were taught about 8 novel shapes that each belonged
to 1 of 4 event schema conditions (Fig. 1). We demonstrated
the event schemas belonging to the objects by systematically
embedding each object in a specific animated sequence con-
sisting of an object movement event (e.g. the object rotating)
and an ambient event (e.g. stars appearing in the environment).
The principal manipulation was whether the object’s role in the
animated sequence was best described as a Causer or as a Reac-
tor: Causer objects moved prior to the ambient event, whereas
Reactors moved afterwards, keeping the component events oth-
erwise identical (Fig. 1). We orthogonally manipulated whether
the object movement was self-generated (Self-Mover) or elicited
by an animated hand (Hand-Mover) in order to additionally test
the sensitivity of LOTC to the involvement of hand manipula-
tion. The alternative hypothesis that motor interaction drives
LOTC would predict an overall greater response to the hand-
manipulated objects regardless of their role as Causers or Reac-
tors. A third possibility is an interaction whereby both Causal
event schemas and manipulation with a hand are both important
in explaining LOTC response. Participants memorized the ani-
mated sequence that went with each object, then were scanned

with fMRI while viewing the objects and recalling their associated
animations from memory.

We identified Tool LOTC using a separate category localizer in
which we compared responses to images of familiar tools (ham-
mers, paintbrushes, etc.) and non-tool artifacts (books, shoes, etc.;
Fig. 2). This design is in line with the above-described findings
of a stronger response in LOTC to objects one “acts with” rather
than “acts on” (Bracci et al. 2011). We then assessed whether Tool
LOTC responded to the novel object conditions according to the
structure of their associated event schema, having controlled for
factors including object shape, association with another event,
association with a hand movement, familiarity, and motor expe-
rience.

Code accessibility and preregistration materials
The experimental and analytical methods used in this experiment
were preregistered using the Open Science Framework repository
(Leshinskaya et al. 2018). Deviations from the preregistered pro-
cedures are noted in the manuscript. Custom code for generating
and implementing the experimental procedure is also available in
the repository. Custom code for neuroimaging analysis is available
upon request.

Participants
For the primary experiment, we report the results of 32 par-
ticipants; to achieve this planned sample size, we scanned 45
participants. Of these, 8 were excluded due to excessive head
motion and 2 ended their scan early due to discomfort. Prior to
analysis of the primary experimental data, localizer data were
individually inspected for quality. In 3 participants, localizer data
were exceptionally noisy with no clear activation for the main
contrast of interest (tools vs. non-tools) and were thus excluded on
that basis. This resulted in the exclusion of 13 participants, who
were replaced to fulfill the counterbalancing design (described
below) and meet the pre-planned sample size. This resulted in the
final sample of 32 participants (19 female), with a mean age of
22.66 (SD = 3.02, range 18–29).

We also report the results of a behavioral pilot study (n = 32),
which included 22 female participants with a mean age of 21.03
(range 18–28). An additional group participated in an fMRI follow-
up experiment (n = 12). Of the participants scanned, one was
excluded for excessive motion and one ended the scan early due
to discomfort. The final sample had n = 10 and a mean age of 22.40
(range 19–27) and 8 were female.

We recruited the above participants from the University of
Pennsylvania community using the Experiments@Penn website.
Procedures were approved by the Institutional Review Board at
the University of Pennsylvania and all participants provided writ-
ten informed consent prior to participation. Participants were
required to be between 18 and 35 years of age, right-handed, and
eligible to be scanned with MRI (for fMRI studies). Compensation
for participating in fMRI studies was $60 total and behavior $10
per hour.

An additional behavioral follow-up study recruited 93 partici-
pants from Amazon’s Mechanical Turk website. Procedures were
approved by the Institutional Review Board at the University
of California, Davis. Participants were required to pass a high
accuracy threshold on the task and the included sample had 32
participants with a mean age of 38 years (range 23–62), 15 female
and 17 male. Participants were compensated with a $3.00 base pay
with an accuracy-based bonus of up to $6.
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Fig. 1. A) The 8 novel object shapes (top) and still frames from the 4 kinds of ambient events (bottom): snow, bubbles, balloon, and stars. B) Example of
the four animation conditions in the experiment. A unique object shape appeared in each distinct event sequence. The Hand-Causer object was moved
by a hand prior to an ambient event; the Hand-Reactor object was moved after an ambient event; the Self-Causer object moved on its own prior to an
ambient event, and the Self-Reactor moved after an ambient event. The object was present during the entire sequence of events. Shape assignments
were counterbalanced across participants and each participant saw 2 instances of each condition, each with one of 2 ambient events selected from the
set of 4 shown in A. C) Prior to scanning, participants watched the animated event sequences featuring each object, followed by test questions probing
their knowledge, an example of which is shown here. D) During fMRI scanning, still images of each object were shown in randomized order (3.4–3.6 s
ISI); 18% of trials were followed by a question probing participants’ knowledge of the event sequence that went with the object they had just seen.

Fig. 2. A) Example images belonging to each of the 4 conditions in the localizer task: Non-Tools, Tools, Hands, and Animals. B) Localizer task procedure,
in which images were shown blocked by condition and in randomized order, with a 1 s ISI. Participants hit a button when an identical image repeated
twice in a row, as in the last trial pictured here.

Stimuli and materials
Training task
Prior to fMRI scanning, participants learned about the 8 different
animated event sequences, each involving a specific, novel,
distinctly shaped, and colored geometrical object (Fig. 1). All
animated sequences involved a movement of the object and an
ambient event (something appearing and disappearing in the
background, such as stars or bubbles; Fig. 1), with the object
continually present during both events. They belonged to 1 of
4 conditions created by crossing 2 factors: Movement Type and
Causality. Movement Type was either Self, in which the object
moved on its own (it rotated back and forth) or Hand, in which
an animated hand reached in, grabbed the object, and rotated
it back and forth. Causality affected the order of events: In the
Causer condition, the object moved prior to the ambient event,
whereas in the Reactor condition, the object moved afterwards.

This was manipulated by reordering the same frames. Crossing
these 2 factors created 4 conditions: Self-Causer, Self-Reactor,
Hand-Causer, and Hand-Reactor. These 4 conditions had 2 sets of
specific animations, which varied in the nature of the ambient
event involved (e.g. in set 1, the ambient event was bubbles;
in set 2, stars). Each of the 8 animations involved a uniquely
shaped object that was systematically mapped to its condition
for each participant but counterbalanced across participants
(see below).

Animations were created by hand-drawing static frames using
Adobe Illustrator and concatenating them into GIFs for each sep-
arable component event (i.e. each movement type and each ambi-
ent event for each object shape). These were then recombined to
make the full event sequences for each condition, ensuring that
the components were identical. GIFs were created from individual
frame files using Matlab (MathWorks).
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All animations took place against a gray background resem-
bling an empty room. Each sequence began with the object
smoothly entering the room (13 100-ms frames, total length
1,300 ms). In Causal sequences, the movement event was shown
first, followed by the ambient event; in Reactor sequences, this
order was reversed. In all cases, each movement and ambient
event segment comprised 29 100-ms frames (2,900 ms). The Self-
movement event involved the object rotating 10◦ forward and
back; the Hand-movement events involved an animated hand
reaching in, grasping the object, and tilting it forward and back,
then leaving; both movement events were of equal total duration.
Following the movement and ambient events, the object then
stayed still for 800 ms. It then repeated the movement and
ambient pair and the 800 ms pause 2 more times, for a total
of 3, and then smoothly exited the room (2,900 ms). This full set
of events, including the repetition, composed the “animated event
sequence” for each object shown in the training task.

To control condition comparisons for shape, the 8 geometric
objects were assigned to the 4 conditions in counterbalanced
fashion with the following procedure: The 8 objects were split
into 2 sets of 4, A–D and E–H. Within each set, we ensured that
each object appeared in each condition equally often, creating
16 assignment options. We additionally ensured that for each
planned comparison (e.g. Causers > Reactor within Movement
Type), pairs were perfectly counterbalanced for shape (i.e. equal
numbers of comparisons in which A is the Causer and C is the
Reactor as vice versa). The 2 sets were themselves paired such that
all pair combinations appear equally often in each condition (e.g.
A&E, A&F, A&G, and A&H are members of each condition equally
often, and so on for the pairings of B, C, and D in place of A). This
yielded 16 counterbalancing conditions that were repeated twice.

There were 4 kinds of ambient events: pink bubbles floating
across the scene (“bubbles”), snowflakes sweeping from left to
right (“snowflakes”), a balloon floating across the screen (“bal-
loon”), and multicolored stars sweeping from left to right (“stars”).
Each type of event was created in identical fashion in the context
of each object shape. The selection of these events was random-
ized across participants, but each event appeared equally often in
each condition. For each participant, 2 ambient event types were
selected (out of the set of 4) and assigned to each shape set. That is,
one ambient event was shown with shape set A–D, and the other
with E–H. The combination of event and shape counterbalancing
conditions was randomized. There were 12 ways to select 2 ambi-
ent events from the set of 4 and assign them to the 2 object sets;
one of these options was selected randomly for each participant,
independently of the object-condition assignments. Overall, these
counterbalancing and randomization efforts ensured that the
experimental conditions did not systematically differ in terms
of the object shapes or ambient events shown in their animated
sequences.

Category localizer
Participants performed a category localizer task during fMRI in
which they saw grayscale images of objects from 4 categories:
Tools (hammers, drills, wrenches, spades, paintbrushes, and
saws), Hands, Animals (bats, birds, butterflies, reptiles, small
dogs, fish, beetles, salamanders, owls, mice, lobsters, and kittens),
and Non-Tools (hats, bags, clocks, watches, books, vases, and
shoes); examples of stimuli are shown in Fig. 2. Non-Tools were
thus all small, inanimate artifacts which do not have a direct
effect on the environment when used in typical fashion. We
did not obtain quantitative measures of this factor. Studies of
tool-preferential responses do not have a standard “non-tool”

comparison condition, but our design choice was designed to
avoid both animacy and real-world size confounds, known to
separately influence temporal lobe organization (Konkle and
Caramazza 2013). Recent approaches typically compare tools to
other inanimate objects, such as furniture (Bracci et al. 2011;
Striem-Amit et al. 2017); however, we sought to also control
for real-world objects size and thus selected small man-made
objects. In a related approach, Mahon et al. (2007) defined tools
as objects with specific manners of manipulation and compared
them with small objects that are arbitrarily manipulated (e.g.
wallet, book), but did not find activation differences, only
differences in repetition suppression, between these categories.
Our operationalization was based on the notion that tools exert
effects in the environment and aligns with the findings of Bracci
and Peelen (2013) comparing objects one acts “with” rather than
“on.” For specific stimuli, we used hand and tool images from
Bracci et al. (2011) and non-tool images from the small inanimate
category from Konkle and Caramazza (2013).

Procedure
Overview
Participants first performed the training task, in which they saw
all of the 8 animated sequences and learned to associate each
sequence with their participating object shape. They then entered
the fMRI scanner, where they reviewed the sequences, performed
a retrieval task with the novel objects, and saw the category
localizer.

Training task
Participants began the training task 1.5 h prior to scanning.
They were instructed to memorize the animated event sequence
belonging to each object. The task was implemented using
JavaScript and presented in a web browser. They saw each of the 8
animated sequences (featuring each of the 8 objects) one at a time,
15 times over 5 blocks or until criterion (see below). The order of
presentation was randomized across blocks but constrained such
that each sequence appeared at least twice but not more than 7
times in each block. Each block thus contained 20–28 animated
sequences.

After each block, participants were asked 12 questions to assess
their learning (Fig. 1C). Each question posed a query regarding
the animations they had seen and asked participants to select
the objects of which it was true. For example, “which object(s)
were moved by a hand before the stars?” Images of all 8 objects
were shown in randomized positions and participants responded
by selecting any number of the objects. Eight of these questions
were specific to both condition and the specific ambient event,
such that there was only one correct answer (e.g. “which object(s)
tilted on their own before the bubbles?”). The other 4 questions
asked more generally about the movement or ambient event
types involved, such that there were 4 correct answers (“which
object(s) tilted on their own?”, “which object(s) were moved by a
hand?”, “which object(s) involved the bubbles in their videos?”,
“which object(s) involved the stars in their videos?”). Questions
were presented in a randomized order.

At the end of each question set, participants were given an
overall score (e.g. “You answered 8/12 questions correctly”). Each
block took approximately 5–7 min to complete.

The training task was designed to achieve ceiling performance
on all conditions. If participants achieved a score below perfect
on the fifth block, they were asked to complete another block
of training. Following this additional training, all participants
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reached criterion (92%); we report obtained average accuracies in
Results.

In a separate group of behavioral-only pilot participants
(n = 32) who only completed the training task, we assessed
performance following the first block of training to see if there
were any differences by condition, finding the following means:
Self-Causer: M = 80.78%, SD = 12.35; Hand-Causer: M = 78.23%,
SD = 13.77; Self-Reactor: M = 76.08%, SD = 13.04; Hand-Reactor:
M = 75.27%, SD = 13.39. Pairwise tests between conditions showed
that participants had a higher accuracy for the Self-Causer objects
compared to the Self-Reactor objects on the questions following
the first block of training (t(30) = 2.09, P = 0.045). We saw a similar
trend in the first 13 fMRI participants. We thus adjusted the
training task to show more of the Self-Reactor objects earlier
in the training sequence (and fewer later). Thus, the Self-Reactor
objects were shown 4 times in the first block, whereas the Self-
Causer objects were shown 2 times; this was balanced out in the
fourth block, where the Self-Reactor objects were shown twice
and the Self-Causer 4 times. As we report in Results, this allowed
us to equate the conditions on learning performance in the first
block while maintaining equal overall amount of training in all of
the conditions.

After they completed the training task, participants were given
a sheet of printed object images and asked to write above each
image a description of its corresponding events (e.g. “moved by
a hand before stars appeared”). If they were unsure about any
object, they were asked to complete additional training blocks
until they felt comfortable. Overall, 8 participants completed
additional training blocks (4 participants completed 1 extra block,
1 participant completed 2 extra blocks, and 3 participants com-
pleted 3 extra blocks).

fMRI acquisition parameters
MRI data were collected on Siemens Tim-Trio 3-T scanner at
the University of Pennsylvania Center for Neuroimaging. A 64-
channel coil was used. Structural scans were acquired with an
MPRAGE sequence with 0.8 mm isotropic voxels, a field of view
of 256 mm, and matrix size of 320 mm × 320 mm × 320 mm.
Functional scans were acquired with an interleaved multiband
echo-planar imaging (EPI) sequence (173 volumes/346 s, 72 slices
of 2 mm isotropic voxels; no gap; time repetition = 2,000 ms; time
echo = 30.0 ms; multiband acceleration factor = 3; flip angle =75◦;
field of view = 220 mm; matrix size = 110 × 110 mm).

Anatomical scan and training task review
The scan session began with a structural scan. During this time,
participants saw a review of the animations they had seen in
the training. Each of the 8 animated sequences was shown 3
times in randomized order, in similar manners except that the
object paused for additional time before its animation occurred;
participants were instructed to visualize the animations of each
object once it appeared. This review was repeated twice during the
∼6 min of anatomical scanning.

Retrieval task
In the retrieval task, participants saw still images of each novel
object, i.e. with no animations, one at a time (Fig. 1D). This was
designed to emulate the circumstance in which images of tools
are shown and their action properties are associatively retrieved.
Each image appeared on screen for a jittered duration of 3.4, 3.5,
or 3.6 s (3 of each duration per run). Here, participants were also
instructed to try to explicitly recall each object’s corresponding
event sequence while viewing the image, in preparation to answer

questions which appeared following image presentation on 18% of
trials (“catch” trials). Questions were shown for 4 s, fast enough to
encourage participants to be prepared for them by retrieving their
knowledge ahead of time. Each object image was shown 72 times
in total, 9 times per run over 8 runs.

There were 8 types of catch trial questions. Four types were
specific to one object (e.g. “Moved by a hand before the stars?”),
and 4 applied to 4 objects (e.g. “Moved by a hand?”). Each question
type was shown twice for each object (for a total of 16 per object).
Each of these 16 questions was assigned randomly among that
object’s 72 presentation trials across the experiment (the number
of questions per run could vary). No feedback was given. Null
trials (a fixation cross shown for 4 s) were also distributed through
the scan and shown subsequently to 2 of the object image trials,
chosen at random. Runs concluded with the presentation of a
fixation screen of variable duration to reach a total exact length
of 346 s, to accommodate any variance in exact duration due to
varying numbers of questions.

Category localizer
Each trial showed one object image on a white background for
800 ms followed by 200 ms of fixation (Fig. 2B). There were 36
images per condition, each shown twice. Trials were blocked by
condition, with 6 trials per block and 12 blocks per condition
per run. During image presentation, participants performed a
one-back exact image repetition detection task. Repetitions were
added randomly (1 or 2 per block, or 12.5% of trials), but their
total was equated across conditions. There were 2 runs of 426 s
duration each.

Post-scan ratings
After the scan, participants rated each animated sequence on its
level of perceived causality and tool-like quality (“tool-like-ness”).
Participants saw each animation in a randomized order with both
questions below. Causality questions asked to what extent the
first event seemed to cause the second event (e.g. “To what extent
did the hand tilting the object seem to cause the snow?”). Initial
instructions clarified that this was “as opposed to events simply
following one another.” Tool-likeness questions asked, “To what
extent did the object seem tool-like?” Responses were on a scale
of 1–5, with the answer choices being: “1 = Not at all,” “2 = Very
little,” “3 = Somewhat,” “4 = Quite a bit,” and “5 = Very much so.”

Experimental design and statistical analysis
Preprocessing
Preprocessing was performed using AFNI software (Cox 1996). The
data were slice-time corrected using the function 3dTshift and
then high-pass filtered (using 3dFourier) with a cutoff of 0.008 Hz.
The data were motion-corrected to the 10th volume of the first
functional run with 3dVolreg. Linear and polynomial trends up to
the third level were removed with 3dDetrend. The localizer runs
were smoothed with a 6.0 mm Gaussian filter and the retrieval
runs were smoothed with a 3.0 mm Gaussian filter for multi-
variate analyses and 6.0 mm for univariate analyses. Participants
with an overall head displacement of >3.5 mm were excluded and
replaced. Linear modeling was done using 3dDeconvolve; details
of each model are described below.

Linear modeling: retrieval task
A linear model was fit to the data with a regressor for each of
the 8 objects, one for all of the question periods, and deriva-
tives of the 6 motion realignment parameters. For whole-brain
univariate analyses, t-tests were used to analyze the main effect
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of Causality (Causer vs. Reactor) and Movement Type (Hand vs.
Self) as well as planned comparisons between Self-Causer vs. Self-
Reactor, and Hand-Causer vs. Hand-Reactor. Whole-brain statisti-
cal maps were corrected for multiple comparisons using a cluster-
size permutation. Null distributions of maximal cluster sizes were
generated by shuffling the labels in the linear model within each
subject (generating 10 noise maps each) and performing 1,000
iterations of the group analyses. At each iteration, one noise
map was chosen from the set generated for each subject and
entered into group analyses performed exactly as in the non-
shuffled data.

For ROI analyses (see ROI definition, below), linear model
fits (t-values) for each participant in all voxels in the ROI were
extracted and averaged across voxels. These were entered into
an ANOVA using the R function “aov” with block 1 training
accuracy as a regressor of non-interest (see Behavioral Results)
and Movement and Causality as regressors of interest (all within-
subject). Pairwise t-tests were used for planned comparisons
between Self-Causer versus Self-Reactor and Hand-Causer versus
Hand-Reactor.

Linear modeling: category localizer
Each of the 4 image conditions (Tools, Non-Tools, Animals, Hands)
and fixation were included as regressors in a general linear model
along with derivatives of the 6 motion realignment parameters.
Planned contrasts for Tools > Non-Tools, and exploratory con-
trasts between other categories (see below), were performed using
t-tests.

ROI definition
Category localizer data were used to define functional ROIs
according to the following general procedure. For a given contrast,
a group statistical map (t-test) was used to define group-level
contiguous clusters above a specific voxel-level threshold. Cluster
significance was established with permutation analysis over
cluster sizes (as described above). Clusters were selected to serve
as ROI boundaries if they passed a corrected significance value
of P < 0.05 and were localized consistently with prior reports for
a similar contrast and/or specified in the preregistration. There
was one clear candidate for left LOTC and one for left IPS that
was selected unambiguously. We then defined subject-specific
ROIs within these group clusters using individual functional data,
by finding the n contiguous voxels that showed the strongest
effect for that individual, where n is either pre-specified or a free
parameter (see below). If no voxels above 0 were found in this area
for that individual, no data for that ROI for that participant were
included. This approach was preregistered; however, 2 parameters
were set on the basis of the observed localizer data (not the test
data from the novel objects): the initial pre-cluster group-level
voxel-wise threshold and the value of n. These are described more
in the specific ROI definitions described below.

Tools versus Non-Tools
Our major planned contrast was between Tools and Non-Tools.
T-tests across the group were used to compare responses to
Tools and Non-tools and thresholded voxel-wise at P < 0.00011.
Permutation analysis indicated that group clusters over 24 voxels
in size were significant at P < 0.05 given a pre-cluster threshold
at this threshold. For Tools > Non-Tools, this revealed 2 areas,

1 Our pre-registration planned to use P < 0.01 for this threshold, but it was
found to be too liberal, including most of ventral temporal cortex as well as
LOTC, rather than being specific to LOTC.

left LOTC (535 voxels) and left IPS (286 voxels), highly consistent
with prior findings (Garcea and Mahon 2014; Bracci et al. 2016;
Striem-Amit et al. 2018). For Non-Tools > Tools, we identified
left and right parahippocampal cortex (left PHC: 60 voxels; right
PHC: 363 voxels) and bilateral occipital lobe (right OC: 905 voxels;
left OC: 408 voxels), consistent with prior findings on large and
non-manipulable inanimate objects (Konkle and Caramazza 2013;
Magri et al. 2021). One participant showed no positive effects
within the lPHC ROI and was thus excluded from analyses involv-
ing lPHC. We selected the more anterior PHC ROIs for analysis as
we expected that these were more likely to show high-level effects
and sensitivity to learning. We report data from the occipital ROIs
in the supplement.

For the value of n (individual ROI size in terms of the number
of most selective voxels), our preregistration had specified 200.
As follow-up analyses to determine the spatial specificity of the
results, we additionally we performed a sweep of this parameter
value, including 25, 50, 100, and 200, and corrected for multiple
comparisons. These tests were largely nonindependent because
the larger ROIs included the voxels in the smaller ROIs, so we
estimated the effective number of tests using the mef package
in R (Derringer 2018), which estimates their non-independence
using correlation among the datasets. We then used this number
to obtain the corrected significance threshold. In Non-Tool pre-
ferring left PHC, the group cluster only had 60 voxels and thus
used n = 25 and 50 only. For follow-up/exploratory analyses using
other ROIs, we used n = 25 and 50 to support stronger arguments
regarding specificity.

Tool and Hand conjunction
To define Tool and Hand preferring LOTC (Tool and Hand LOTC),
we created conjunction maps by intersecting 4 contrasts: Tools
> Non-Tools, Tools > Animals, Hands > Non-Tools, and Hands
> Animals. Each of the 4 maps was first thresholded voxel-
wise at P < 0.01. For voxels passing this threshold for all maps,
the minimum of the 4 P-values was taken to reflect combined
significance. This combined P-value map was in turn thresh-
olded at P < 0.0001 to identify regions of interest. This identi-
fied 3 areas: left LOTC (297 voxels), left IPS (1183 voxels), and
right IPS (375 voxels). To define individual ROIs within each area,
we selected the n most selective voxels for each individual as
follows: We subtracted a participant’s t-values for each con-
trast (Tools – Non-tools, Tools – Animals, Hands – Non-tools,
Hands – Animals) and selected voxels in which each value was
greater than 0, then summed their values. The individual ROI was
selected as the n contiguous voxels with the maximal summed
value.

Whole-brain contrast for Causers versus Reactors
T-tests across the group were used to compare responses to
Causers and Reactors and thresholded voxel-wise at P < 0.001.
Permutation analysis indicated that group clusters over 127
voxels in size were significant at P < 0.05 given this pre-cluster
threshold.

Ventral stream preference modeling
To query the relationship between category selectivity and novel-
object preferences in a more bottom-up fashion, we identified
all visual ventral stream voxels and entered their responses to
the 4 localizer categories and the 4 novel object conditions into
a general linear model for each participant. To define voxels
belonging to the ventral stream, we used the overall magnitude of
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any category preference from the category localizer GLM (see Lin-
ear Modeling: Category Localizer). We took the cross-participant
mean response to each of the 4 localizer categories and identified
the maximum of these values. We then thresholded this group-
average, category selectivity magnitude at t > 1.75, which revealed
a swath across bilateral occipitotemporal cortex spanning areas
commonly reported in studies of the large-scale organization of
the visual ventral stream (Konkle and Caramazza 2013, 2016; Long
et al. 2018). We separately defined the left and right ventral stream
areas (right: 6,058 voxels; left: 5,500 voxels). Our objective was to
predict the magnitude of the Causer versus Reactor difference for
novel objects on the basis of 4-way category preference among the
real-world, localizer objects. We thus defined a linear model for
each participant which predicted the Causer–Reactor difference
from the response (t-value) to each of the 4 categories in the
localizer data.

Follow-up fMRI experiment
We performed a follow-up experiment with 10 new participants
to evaluate neural responses to perceiving the animated event
sequences, as opposed to recalling information about them from
still images. To this end, this group of participants performed
the training task rather than a retrieval task during scanning.
They viewed the same 8 animations as before and intermittently
answered questions about the animation they just saw using the
same questions as in the retrieval task in the main experiment.
They were instructed to try to learn which object went with which
animation and were probed on their knowledge between runs
using the same tests as the training task in the main experiment.
fMRI trials had a jittered ITI of between 2.9 and 3.3 s, and each
condition was shown 45 times over the course of 5 runs in the
scan. Each animation type was followed by each of 8 question
types once, their order randomized. Runs contained 72 trials each
and lasted 5.83 min. Participants viewed 2 training blocks prior to
scanning as a practice. They also performed a category localizer
task just as above, in order to identify functional ROIs. Data
from the novel objects training task were analyzed with a GLM
modeling whether participants were viewing an ambient or an
object-based (self-movement or hand-movement) event; question
periods were modeled as a single separate regressor. Another GLM
modeled each of the 8 conditions during viewing and a regressor
for question periods. To define Tool LOTC and hand and Tool
LOTC ROIs, we used the group clusters from the main experiment
and defined individual ROIs within those areas using the fMRI
data collected here, in the same manner as above. We report the
results of this follow-up experiment at the end of the Results
section, which otherwise concerns the primary, memory retrieval
experiment.

Follow-up behavioral experiment
We sought to rule out that conditions differed in how vividly they
were recalled. A separate group of online participants performed
an identical training task (as described in Training Task) with the
same materials, but additionally followed by vividness questions
after completing all training blocks. Here they saw each object
individually and were directed to “Try to recall the pattern of
events that took place with this object. How vividly can you
picture it?” They responded on a sliding response scale with
values from 0 to 10. Participants were included in analyses if they
responded correctly to 7/12 questions by the last block of training
for each of the 8 unique objects. Their vividness ratings were then
analyzed as a function of condition.

Results
Training task performance
Participants responded to questions following each of 5 (or
more) blocks of training. Following their final block of train-
ing, participants reached ceiling accuracy in all conditions
(Self-Causer: M = 99.61%, SD = 1.63; Hand-Causer: M = 99.61%,
SD = 1.63; Self-Reactor: M = 100%, SD = 0.00; Hand-Reactor:
M = 99.87%, SD = 0.74). There was no main effect of movement-
type (F(1,31) = 1.00, MSE = 0.00, P = 0.325) or causality (F(1,31) = 1.98,
MSE = 0.05, P = 0.169) on participants’ accuracy, and no interaction
(F(1,31) = 1.00, MSE = 0.00, P = 0.325). Pairwise tests between
conditions showed no significant effects (P > 0.161). Pre-final
blocks of training likewise did not show accuracy differences,
except for the first block (Self-Causer: M = 81.25%, SD = 15.23;
Hand-Causer: M = 77.60%, SD = 14.23; Self-Reactor: M = 80.60%,
SD = 13.86; Hand-Reactor: M = 76.30%, SD = 15.57), in which we
saw a significant main effect of Movement Type (F(1,31) = 6.00,
MSE = 7.27, P = 0.020, partial η2 = 0.162) such that the Self moving
objects had higher accuracy than the Hand moved objects.
Given this significant behavioral difference, which could reflect
differences in the nature of the learning process or memory,
we included first-block training accuracy as a within-subject
regressor in ROI analyses. There were no other effects, including
no main effect of Causality (F(1,31) = 0.30, MSE = 0.44, P = 0.588)
and no interaction (F(1,31) = 0.02, MSE = 0.05, P = 0.881). Pairwise
tests between individual conditions showed no significant effects
(P > 0.11).

In-scan task performance
During the in-scan retrieval task, participants were highly
accurate in each condition (Self-Causer: M = 85.01%, SD = 18.38;
Hand-Causer: M = 85.13%, SD = 16.84; Self-Reactor: M = 85.24%,
SD = 15.28; Hand-Reactor: M = 85.25%, SD = 15.82). There was no
main effect of condition, either for Movement Type (F(1,31) = 0.00,
MSE = 0.00, P = 0.965) or Causality (F(1,31) = 0.02, MSE = 0.00,
P = 0.901) and no interaction (F(1,31) = 0.00, MSE = 0.00, P = 0.957).
No pairwise tests between conditions showed a significant effect
(all P > 0.895).

Causality and tool-likeness ratings
After completing the scan, participants rated each of the objects
on two 1–5 scales, Causality and Tool-likeness. The Causality scale
probed to what extent participants perceived the first event in the
sequence to have caused the second event in the sequence. We
note that all animations were expected to be rated as somewhat
causal, as even in the Reactor sequences, the ambient event could
be seen as influencing subsequent the object movement. Accord-
ingly, causality ratings revealed that participants rated most
of the sequences as “somewhat” causal (Self-Causer M = 3.17,
SD = 1.12; Hand-Causer M = 3.00, SD = 1.11; Self-Reactor M = 2.89,
SD = 1.27; Hand-Reactor M = 2.70, SD = 1.13). There was, however,
a main effect of Causality (F(1,31) = 6.31, MSE = 2.67, P = 0.017,
partial η2 = 0.169), demonstrating that participants’ ratings were
higher for the Causer objects than for the Reactor objects. There
was no main effect of Movement Type (F(1,31) = 1.45, MSE = 1.03,
P = 0.237) and no interaction (F(1,31) = 0.00, MSE = 0.00, P = 0.952).
Pairwise tests showed that the Self-Causer animations were seen
as more causal than the Hand-Reactor animations (t(31) = 2.65,
P = 0.012). No other effects were significant (all P > 0.065).

The Tool-likeness scale rated how “tool-like” participants
perceived each object to be. Across conditions, objects were
seen as “very little” or “somewhat” tool-like (Self-Causer M = 2.41,
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Fig. 3. A) Results in Tool-preferring left LOTC. Left: The significant group cluster defined using the contrast Tools > Non-Tools in the localizer experiment,
from which individual ROIs were selected. Top, t-values reflecting the activation in response to each of the novel object conditions relative to baseline,
revealing a main effect of Causality and a significant pair-wise comparison between Hand-Causer and Hand-Reactor conditions. This is shown when
left Tool LOTC is defined using the top 50 voxels in each individual. Bottom, The overall Causer–Reactor difference as a function of the number of
voxels in each individual ROI. B) Results in Non-Tool preferring right PHC and left PHC, defined using the top 50 voxels in each individual. Left, The
significant group clusters defined using the contrast Non-Tools > Tools in the localizer experiment, from which individual ROIs were selected. Top, t-
values reflecting the activation in response to each of the novel object conditions relative to baseline, in right PHC. There were no significant differences
among conditions. Bottom, t-values reflecting the activation in response to each of the novel object conditions relative to baseline, in left PHC. There
was a trend towards a main effect of causality and a significant difference between the Hand-Causer and Hand-Reactor conditions. ∗P < 0.05.

SD = 1.04; Hand-Causer M = 2.72, SD = 1.23; Self-Reactor M = 2.69,
SD = 1.22; Hand-Reactor M = 2.69, SD = 1.06). There was no main
effect of Movement Type (F(1,31) = 2.49, MSE = 0.78, P = 0.125) or
Causality (F(1,31) = 1.15, MSE = 0.50, P = 0.292) and no interaction
(F(1,31) = 1.54, MSE = 0.78, P = 0.224). Pairwise tests showed one
significant difference, between the Self-Causer and Hand-Causer
(t(31) = 2.21, P = 0.035), with Hand-Causer seen as more-tool like.
No other effects were significant (all P > 0.071). While we had
expected stronger condition differences in the perceptions of
tool-likeness, it is likely that adults typically use a constellation
of features to judge whether something should be called a tool,
likely including canonical shape and transparency of physical
mechanism (Malt and Johnson 1992; Bechtel et al. 2013).

Tool and Non-Tool preferring areas
We defined Tool LOTC using the familiar object localizer data:
activation in response to familiar Tools versus Non-Tools was
contrasted. Consistently with past findings, areas in left LOTC
and left IPS were significantly more responsive to Tools than Non-
Tools; left LOTC is shown in Fig. 3 and left IPS in Supplementary
Fig. S1. We defined individual ROIs using each participant’s top n
tool-preferring voxels within these significant group-level areas;
n was initially set to 200 per our preregistration.

Our critical analysis was to test the response of Tool LOTC to
the different novel object conditions in the main experiment.

Block one training accuracy was used as a within-subject
regressor of non-interest. A 2 (Movement Type: Self vs. Hand) × 2
(Causality: Causer vs. Reactor) ANOVA revealed a main effect of
Causality (F(1,30) = 6.15, MSE = 3.05, P = 0.019, partial η2 = 0.170),
such that activation in LOTC was higher for Causer objects
than Reactor objects (Self-Causer: M = 0.61, SD = 1.48; Hand-
Causer: M = 0.80, SD = 1.75; Self-Reactor: M = 0.44, SD = 1.64;
Hand-Reactor: M = 0.38, SD = 1.58). There was no main effect
of Movement Type (F(1,30) = 0.00, MSE = 0.00, P = 0.968) and
no interaction (F(1,30) = 1.05, MSE = 0.51, P = 0.313). Planned
comparisons between Causer and Reactor within Movement
Type revealed no effect of Causality in the Self-mover objects
(F(1,30) = 1.24, MSE = 0.45, P = 0.274), but a significant effect of
Causality in the Hand-moved objects (F(1,30) = 7.67, MSE = 3.55,
P = 0.010, partial η2 = 0.204).

We next investigated whether the Causer versus Reactor effect
was observed in the most highly tool-preferring voxels, as an
exploratory follow-up to the planned analysis. We varied n by
taking either the 100, 50, or 25 most tool-preferring voxels for
each individual LOTC. Results across values of n are displayed in
Table 1 and Fig. 3, which show that the main effect of Causality
remained robustly significant when restricting analyses to these
smaller, more tool-preferring ROIs (100 voxels: F(1,30) = 7.36,
MSE = 3.88, P = 0.011, partial η2 = 0.197; 50 voxels: F(1,30) = 8.51,
MSE = 4.45, P = 0.007, partial η2 = 0.221; 25 voxels: F(1,30) = 8.20,

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac442#supplementary-data
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Table 1. Results from Movement × Causality ANOVA in tool areas.

LOTC

Self-Causer Self-Reactor Hand-Causer Hand-Reactor Causality Movement Movement ×
Causality

Causality
within Self

Causality
within Hand

M (SD) M (SD) M (SD) M (SD) Main effect Main effect Interaction Simple effect Simple effect

25 voxels 0.55 (1.69) 0.40 (1.84) 0.85 (2.02) 0.29 (1.91) F = 8.20 F = 0.05 F = 2.68 F = 0.87 F = 11.55
P = 0.008 P = 0.817 P = 0.112 P = 0.360 P = 0.002
η2

p = 0.215 η2
p = 0.278

50 voxels 0.59 (1.70) 0.42 (1.87) 0.89 (1.97) 0.35(1.88) F = 8.51 F = 0.13 F = 2.38 F = 1.08 F = 11.62
P = 0.007 P = 0.723 P = 0.134 P = 0.306 P = 0.002
η2

p = 0.221 η2
p = 0.279

100 voxels 0.58 (1.66) 0.41 (1.79) 0.84 (1.91) 0.35(1.78) F = 7.36 F = 0.05 F = 1.79 F = 1.19 F = 9.90
P = 0.011 P = 0.826 P = 0.191 P = 0.283 P = 0.004
η2

p = 0.197 η2
p = 0.248

200 voxels 0.61 (1.48) 0.44 (1.64) 0.80 (1.75) 0.38(1.58) F = 6.15 F = 0.00 F = 1.05 F = 1.24 F = 7.67
P = 0.019 P = 0.968 P = 0.313 P = 0.274 P = 0.010
η2

p = 0.170 η2
p = 0.204

IPS

25 voxels 0.12 (2.01) 0.19 (2.03) 0.34 (2.21) 0.13 (2.38) F = 0.58 F = 0.25 F = 1.81 F = 0.22 F = 2.35
P = 0.454 P = 0.619 P = 0.189 P = 0.646 P = 0.136

50 voxels 0.18 (2.01) 0.20 (1.97) 0.39 (2.15) 0.20 (2.31) F = 0.80 F = 0.63 F = 1.15 F = 0.03 F = 2.03
P = 0.379 P = 0.435 P = 0.293 P = 0.861 P = 0.164

100 voxels 0.21 (1.92) 0.19 (1.88) 0.38 (2.04) 0.20 (2.18) F = 1.62 F = 0.45 F = 0.70 F = 0.04 F = 2.08
P = 0.213 P = 0.508 P = 0.410 P = 0.849 P = 0.159

200 voxels 0.13 (1.78) 0.10 (1.79) 0.27 (1.85) 0.02 (1.90) F = 2.94 F = 0.01 F = 1.21 F = 0.07 F = 3.60
P = 0.097 P = 0.930 P = 0.279 P = 0.797 P = 0.067

Note: All ANOVA degrees of freedom are (1,30).

MSE = 4.53, P = 0.008, partial η2 = 0.215). Multiple comparison
correction adjusting for non-independence among tests at each
level of n yielded a correct P-value of 0.020, at which all effects
remained significant. No other effects were observed within these
ROIs (uncorrected P’s > 0.11). We did not observe any significant
correlations between this effect and causality ratings across
participants.

In tool-preferring left IPS, we did not find differences between
the novel object conditions at n = 200 (Self-Causer: M = 0.13,
SD = 1.78; Hand-Causer: M = 0.27, SD = 1.85; Self-Reactor: M = 0.10,
SD = 1.79; Hand-Reactor: M = 0.02, SD = 1.90). A 2 × 2 ANOVA
revealed no main effect of Causality (F(1,30) = 2.94, MSE = 0.65,
P = 0.097), no main effect of Movement Type (F(1,30) = 0.008,
MSE = 0.00, P = 0.930), and no interaction (F(1,30) = 1.21, MSE = 0.39,
P = 0.279). Planned comparisons between Causer and Reactor
within Movement Type revealed no effect of Causality in the Self-
moving objects (F(1,30) = 0.07, MSE = 0.02, P = 0.797) nor in the
Hand-moving objects (F(1,30) = 3.60, MSE = 1.09, P = 0.067). This
pattern of findings was consistent across values of n; detailed
results are shown in Table 1.

We also defined Non-Tool-preferring ROIs, which included
areas in the left and right parahippocampal cortex (rPHC and
lPHC); these areas are shown in Fig. 3. In right PHC with n = 200,
we found similar levels of activation across conditions (Self-
Causer: M = −0.31, SD = 1.29; Hand-Causer: M = −0.19, SD = 1.26;
Self-Reactor: M = −0.42, SD = 1.31; Hand-Reactor: M =−0.42,
SD = 1.33). A 2 ×2 ANOVA revealed a marginal main effect of
Causality (F(1,30) = 3.74, MSE = 0.89, P = 0.063, partial η2 = 0.111),
no main effect of Movement Type (F(1,30) = 0.02, MSE = 0.01,
P = 0.890), and no interaction (F(1,30) = 0.29, MSE = 0.13, P = 0.593).
Planned comparisons between Causer and Reactor conditions
within Movement Type revealed no effect of Causality in the
Self-moving objects (F(1,30) = 0.67, MSE = 0.15, P = 0.420), nor in

the Hand-moving objects (F(1,30) = 2.90, MSE = 1.09, P = 0.099).
Table 2 shows that at more selective values of n, there were again
no significant or marginal effects.

We next compared Non-Tool right PHC with Tool LOTC directly,
expecting an interaction. A 2 (ROI: LOTC vs rPHC) × 2 (Causality)
× 2 (Movement Type) ANOVA was performed at each level of
n, with results shown in Fig. 4 and Table 3. We did not observe
an ROI by Causality interaction at n = 200. However, we did
observe such an interaction at each of the more selective ROI
sizes (n = 100, 50, and 25), perhaps because these most category-
preferential voxels were also more different in their responses
to the novel object conditions. The strongest effect was found at
n = 25, the most specific ROI, where we saw a main effect of ROI
(F(1,31) = 6.75, MSE = 46.03, P = 0.014, partial η2 = 0.179), indicating
greater activation in the LOTC overall, and a main effect of Causal-
ity (F(1,30) = 5.18, MSE = 3.60, P = 0.030, partial η2 = 0.147), indi-
cating overall greater activation to Causers than Reactors, and a
significant ROI × Causality interaction (F(1,31) = 6.31, MSE = 1.08,
P = 0.017, partial η2 = 0.169), indicating a greater effect of Causal-
ity in LOTC than in rPHC. Multiple comparison correction adjust-
ing for non-independence among the tests at each level of n
yielded a correct P-value threshold of 0.021, and thus, the inter-
action results at n = 25 and n = 50 remain significant. Overall,
these findings suggest that preferential responses to Causal novel
objects are seen more reliably in Tool-preferring voxels than Non-
Tool-preferring ones, but only in the most-preferring voxels.

The Non-Tool preferring left PHC group level cluster (Fig. 3)
was only 60 voxels in size and thus less strongly selective than
the right PHC for Non-Tools (its P-value is higher according to
our cluster-size based statistics). We could thus only use n = 25
and n = 50. At n = 25, we found significant effects among the
novel object conditions in the left PHC (Self-Causer: M = −0.44,
SD = 1.41; Hand-Causer: M = −0.27, SD = 1.35; Self-Reactor:
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Table 2. Results from Movement × Causality ANOVA in Non-Tool areas.

Self-Causer Self-Reactor Hand-Causer Hand-Reactor Causality Movement Movement ×
Causality

Causality
within Self

Causality
within Hand

M (SD) M (SD) M (SD) M (SD) Main effect Main effect Interaction Simple effect Simple effect

rPHC
25 voxels −0.30 (1.48) −0.35 (1.53) −0.26 (1.50) −0.40 (1.49) F = 0.01 F = 0.17 F = 0.12 F = 0.10 F = 1.19

P = 0.939 P = 0.686 P = 0.730 P = 0.752 P = 0.284
50 voxels −0.34 (1.47) −0.42 (1.51) −0.26 (1.46) −0.45 (1.55) F = 1.90 F = 0.01 F = 0.18 F = 0.22 F = 1.71

P = 0.178 P = 0.923 P = 0.672 P = 0.644 P = 0.201
100 voxels −0.33 (1.39) −0.39 (1.40) −0.25 (1.34) −0.44 (1.46) F = 2.12 F = 0.06 F = 0.30 F = 0.18 F = 2.02

P = 0.156 P = 0.803 P = 0.589 P = 0.676 P = 0.166
200 voxels −0.31 (1.29) −0.42 (1.31) −0.19 (1.26) −0.42 (1.33) F = 3.74 F = 0.02 F = 0.29 F = 0.67 F = 2.90

P = 0.063 P = 0.890 P = 0.593 P = 0.420 P = 0.099

lPHC

25 voxels −0.44 (1.41) −0.57 (1.26) −0.27 (1.35) −0.59 (1.37) F = 4.35 F = 0.56 F = 0.64 F = 0.60 F = 4.89
P = 0.046 P = 0.460 P = 0.430 P = 0.443 P = 0.035
η2

p = 0.130 η2
p = 0.144

50 voxels −0.54 (1.34) −0.64 (1.25) −0.43 (1.17) −0.70 (1.21) F = 3.40 F = 0.07 F = 0.62 F = 0.40 F = 4.29
P = 0.076 P = 0.795 P = 0.438 P = 0.531 P = 0.047

η2
p = 0.129

Note: All ANOVA degrees of freedom are (1,30) in rPHC and (1,29) in lPHC.

Fig. 4. Main effect of Causality (Causer–Reactor mean difference in t-values) in the novel object conditions (same data as Fig. 3), plotted across 3 ROIs:
Non-Tool Left PHC, Non-Tool Right PHC, and Tool Left LOTC. Left: Results when ROIs are defined using the 25 most selective voxels in each individual.
Right: Results when ROIs are defined using the 50 most selective voxels in each individual. Results reveal a greater effect of Causality in Tool Left LOTC
relative to Non-Tool Right PHC at both ROI sizes, and a relative to Non-Tool Left PHC at 50 voxels. ∗P < 0.05.

M = −0.57, SD = 1.26; Hand-Reactor: M =−0.59, SD = 1.37) as
shown in a 2 × 2 ANOVA, which revealed a main effect of
Causality (F(1,29) = 4.35, MSE = 1.68, P = 0.046, partial η2 = 0.130),
no main effect of Movement Type (F(1, 29) = 0.56, MSE = 0.23,
P = 0.460), and no interaction (F(1, 29) = 0.64, MSE = 0.26, P = 0.430).
Comparisons between Causer and Reactor within Movement
Type revealed no effect of Causality in the Self-moving objects
(F(1,29) = 0.60, MSE = 0.26, P = 0.443), but there was a main
effect of Causality in the Hand-moving objects (F(1,29) = 4.89,
MSE = 1.69, P = 0.035, partial η2 = 0.144). There was no interaction
with left LOTC, as tested by a 2 (ROI: LOTC vs left PHC) × 2

(Causality) × 2 (Movement Type) ANOVA. This instead revealed
a main effect of ROI (F(1,30) = 11.94, MSE = 65.13, P = 0.002,
partial η2 = 0.285), indicating greater activation in the LOTC
overall, and a main effect of Causality (F(1,29) = 7.34, MSE = 6.01,
P = 0.011, partial η2 = 0.202), such that there was overall greater
activation to Causers than Reactors, but no other effects
(P > 0.159).

However, at n = 50, the pattern changed, showing no significant
main effect of Causality (Table 2; Fig. 3) but an effect of Causal-
ity within the Hand-movers (F(1,29) = 4.29, MSE = 1.27, P = 0.047,
partial η2 = 0.129). We also observed a significant ROI × Causality
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Table 3. Results from ROI × Movement × Causality ANOVA.

rPHC × LOTC

rPHC LOTC ROI Causality ROI × Causality ROI × Movement ROI × Causality ×
Movement

M (SD) M (SD) Main effect Main effect Interaction Interaction Interaction

25 voxels −0.33 (1.48) 0.52 (1.86) F = 6.75 F = 5.18 F = 6.31 F = 0.60 F = 2.01
P = 0.014 P = 0.030 P = 0.017 P = 0.444 P = 0.167
η2

p = 0.179 η2
p = 0.147 η2

p = 0.169
50 voxels −0.37 (1.48) 0.56 (1.85) F = 8.86 F = 6.07 F = 5.20 F = 0.55 F = 1.49

P = 0.006 P = 0.020 P = 0.030 P = 0.466 P = 0.232
η2

p = 0.222 η2
p = 0.168 η2

p = 0.144
100 voxels −0.35 (1.38) 0.55 (1.78) F = 11.19 F = 5.56 F = 4.58 F = 0.50 F = 0.89

P = 0.002 P = 0.025 P = 0.040 P = 0.486 P = 0.353
η2

p = 0.265 η2
p = 0.156 η2

p = 0.129
200 voxels −0.34 (1.29) 0.56 (1.60) F = 16.15 F = 5.52 F = 2.29 F = 0.02 F = 0.49

P = 0.003 P = 0.026 P = 0.097 P = 0.889 P = 0.491
η2

p = 0.343 η2
p = 0.155

lPHC × LOTC

lPHC LOTC ROI Causality ROI × Causality ROI × Movement ROI × Causality
× Movement

M (SD) M (SD) Main effect Main effect Interaction Interaction Interaction

25 voxels −0.47 (1.34) 0.56 (1.87) F = 11.94 F = 7.34 F = 2.09 F = 0.00 F = 0.84
P = 0.002 P = 0.011 P = 0.159 P = 0.998 P = 0.367
η2

p = 0.285 η2
p = 0.202

50 voxels −0.58 (1.23) 0.59 (1.87) F = 16.86 F = 6.71 F = 4.42 F = 0.35 F = 0.74
P < 0.001 P = 0.015 P = 0.044 P = 0.560 P = 0.395
η2

p = 0.360 η2
p = 0.188 η2

p = 0.128

Note: All ANOVA degrees of freedom are (1,31) in rPHC and (1,30) in lPHC.

interaction with Tool LOTC (F(1,29) = 4.42, MSE = 0.48, P = 0.044,
partial η2 = 0.128; Table 3, Fig. 4). Thus, the effects in left PHC were
not stable across voxel selection parameters. Nonetheless, there
do appear to be some effects of causality in this area. Its weaker
Non-Tool preference and partial sensitivity to Causality are likely
related and may be an outcome of its shared left lateralization
with tool responses. As the data at n = 25 and 50 were highly
correlated, the estimated effective number of comparisons was
1 and the corrected P-value threshold was 0.05.

Neither of the occipital Non-Tool-preferring ROIs (left OCC or
right OCC) showed any significant or marginal effects in the novel
object conditions and each of them interacted significantly with
Tool LOTC, at every setting of n (see Supplementary Tables S1 and
S2). Thus, the effects of the novel object conditions appear to be
limited to higher-level temporal areas.

Hand and Tool LOTC
Prior research has reliably reported overlap between the response
to tools and the response to hands in LOTC (Bracci et al. 2011, 2016,
2017; Bracci and Peelen 2013). This hand-and-tool preferring area
is preserved in those born without hands (Striem-Amit et al. 2017)
and exhibits a stronger response to objects one acts “with”—such
as canonical tools—than to objects one acts “on,” such as musical
instruments (Bracci and Peelen 2013). A response to both tools and
hands may thus be an important predictor of voxels with a strong
response to tool-like event schemas. We tested these predictions
with follow-up analyses that were not specifically pre-registered
but were driven by theory based on this prior literature.

We used a conjunction analysis to define Hand-and-Tool LOTC
(Hand–Tool LOTC), specifically by contrasting Tools > Non-Tools
and Hands > Animals, then using the minimum statistic from

these 2 contrasts to define the statistic for the conjunction.
We selected the n (25 and 50) most significant voxels in the
conjunction statistic for each individual within a significant
group cluster for the same analysis, identified in LOTC (Fig. 5).
We then probed the pattern of responses in this area to the
novel object conditions. A 2 (Movement Type: Self vs. Hand) ×
2 (Causality: Causer vs. Reactor) ANOVA with block one training
accuracy as a regressor of non-interest revealed highly reliable
effects of Causality in this area at n = 25 (F(1,30) = 9.50, MSE = 4.43,
P = 0.004, partial η2 = 0.240) and n = 50 (F(1,30) = 8.78, MSE = 3.86,
P = 0.006, partial η2 = 0.226), such that activation in Hand–Tool
LOTC was higher for Causers than Reactors (n = 25: Self-Causer:
M = 0.37, SD = 1.75; Hand-Causer: M = 0.73, SD = 2.11; Self-
Reactor: M = 0.24, SD = 1.93; Hand-Reactor: M = 0.16, SD = 2.08;
n = 50: Self-Causer: M = 0.34, SD = 1.77; Hand-Causer: M = 0.66,
SD = 2.13; Self-Reactor: M = 0.21, SD = 1.93; Hand-Reactor: M = 0.15,
SD = 2.06). No other effects were observed in these ROIs (P > 0.093).
Analyses within Movement Type revealed an effect of Causality
within the Hand-moving objects at n = 25 (F(1,30) = 13.72,
MSE = 6.37, P = 0.001, partial η2 = 0.314) and n = 50 (F(1,30) = 12.37,
MSE = 5.31, P = 0.001, partial η2 = 0.292). This effect was not
observed in the Self-moving objects (P > 0.369). Because the
data at n = 25 and n = 50 were highly correlated, an estimate
of the number of comparisons indicated no correction was
needed, but notably all effects would pass correction for 2
comparisons.

We next examined whether effects of Causality were stronger
in Hand–Tool LOTC than in Non-Tool PHC. Similarly to the
comparison with Tool LOTC, Causality effects in Hand–Tool
LOTC were stronger than those in right PHC but not left PHC
(Table 4). For right PHC at n = 25, we found a main effect of

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac442#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac442#supplementary-data
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Fig. 5. Results in Hand and Tool left LOTC, defined using the 50 most selective voxels in each individual. Left, The significant group cluster showing
stronger responses to Tools and Hands relative to Non-Tools and Animals, from which individual ROIs were selected. Right, t-values reflecting the
activation in response to each of the novel object conditions relative to baseline. Results show a main effect of Causality and a significantly stronger
response to the Hand-Causer than the Hand-Reactor conditions. ∗∗P < 0.01.

ROI (F(1,31) = 4.68, MSE = 31.50, P = 0.038, partial η2 = 0.131),
indicating greater activation in Hand–Tool LOTC overall, as well
as a main effect of Causality (F(1,30) = 5.55, MSE = 3.54, P = 0.025,
partial η2 = 0.156). We also observed a significant ROI × Causality
interaction (F(1,31) = 6.41, MSE = 1.00, P = 0.017, partial η2 = 0.171),
indicating a greater effect of Causality in Hand–Tool LOTC than
in rPHC. No other significant effects were observed (P > 0.183).
For left PHC at n = 25, we also found a main effect of ROI
(F(1,30) = 8.03, MSE = 43.19, P = 0.008, partial η2 = 0.211), indicating
greater activation in Hand–Tool LOTC overall, as well as a main
effect of Causality (F(1,29) = 8.36, MSE = 6.10, P = 0.007, partial
η2 = 0.224). However, we found no significant ROI × Causality
interaction (F(1,30) = 2.05, MSE = 0.297, P = 0.163) and no other
significant effects (P > 0.194). Finally, Causality effects in Hand–
Tool LOTC were not stronger than those in Tool LOTC (ROI –
Causality interaction, P > 0.40).

Outside of these ROIs, we did not find any areas with signifi-
cantly differential responses to any of our novel object conditions
when using whole-brain contrasts.

Ventral stream preference modeling
The above pattern of findings suggests that areas with strong Tool
preferences and Tool & Hand preferences also exhibit stronger
responses to novel Causer objects than Reactor objects. This
appears less the case in areas or voxels with weaker or other
category preferences, painting an overall picture in which there
is a relationship across the temporal lobe between a preference
for real-world categories and a preference to a certain pattern
of event relations, as captured in our novel object conditions. To
bolster this finding with a more bottom-up and broader test that
doesn’t rely on particular method of ROI selection, we used an
exploratory analysis in a fuller swath of the visual ventral stream.
We extracted the responses to each condition across ventral
stream voxels separately in each hemisphere and measured the
correlation between the responses to real-world objects and the
responses to the novel object conditions. A within-participant
regression model tested whether the Causer–Reactor response
difference across ventral stream voxels varied as a function of

how those voxels responded to each of the 4 real-world object
categories during the localizer.

To test the relationship between category preference and
the Causer–Reactor difference, we ran within-participant linear
regression to predict the Causer–Reactor difference in each voxel
on the basis of those voxels’ response to Animals, Non-Tools, and
an average of the response to Hands and Tools, then compared
the beta coefficients of these predictors across participants.

In the left ventral stream, we found that Hand–Tool responses
were significantly predictive of the Causer–Reactor difference;
M = 0.0725, SD = 0.167, t(31) = 2.460, P = 0.0197, CI [0.0124, 0.133],
d = 0.442. Animal responses were not significantly predictive,
M =− 0.009, SD = 0.171, P = 0.772, but were not significantly
less predictive than Hand and Tool responses (P = 0.124). Non-
Tool responses approached significance in the reverse direction,
M =−0.051, SD = 0.162, t(31) =−1.777, CI [−0.109, 0.007], P = 0.085,
d = 0.319, indicating that if anything, they predicted a stronger
response to Reactors than Causers. As such, Non-Tool coef-
ficients were significantly lower than Hand–Tool coefficients;
t(31) = 2.496, CI = [0.023, 0.224], P = 0.018, d = 0.448. This confirms
that the Causer–Reactor effect was significantly stronger in Hand
and Tool preferring voxels than Non-Tool preferring voxels, as
found in the ROI analyses.

In the right ventral stream, we found a similar pattern. The
strength of Hand–Tool responses significantly predicted the
Causer–Reactor difference, M = 0.086, SD = 0.434, t(31) = 2.42, CE
[0.0135, 0.159] P = 0.022, d = 0.434. Animal responses were not
significantly predictive, M = −0.001, SD = 0.214, P = 0.0989, but
not differently from the Hand–Tool predictor (P = 0.204). Non-Tool
responses were significantly predictive in the reverse direction,
M =−0.068, SD = 0.152, t(31) = −2.55, CE [−0.123,-0.0138] P = 0.016,
d = 0.459, and were significantly different from the Hand–Tool
coefficients, t(31) = 3.118, CI = [0.053, 0.256], P = 0.004, d = 0.560.
Thus, the interaction between Tool and Non-Tool predictors
remained strong in both hemispheres of the ventral stream,
despite the absence of focal regions of Tool selectivity in the right
hemisphere. Results collapsing across the hemispheres are shown
in Fig. 6. These findings overall support the conclusion that there
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Table 4. Results from ROI × Movement × Causality ANOVA in Hand-and-Tool LOTC.

rPHC × LOTC

rPHC LOTC ROI Causality ROI × Causality ROI × Movement ROI × Causality
× Movement

M (SD) M (SD) Main effect Main effect Interaction Interaction Interaction

25 voxels −0.33 (1.48) 0.37 (1.96) F = 4.68 F = 5.55 F = 6.41 F = 1.33 F = 2.69
P = 0.038 P = 0.025 P = 0.017 P = 0.259 P = 0.111
η2

p = 0.131 η2
p = 0.156 η2

p = 0.171
50 voxels −0.37 (1.48) 0.34 (1.96) F = 5.09 F = 6.08 F = 4.02 F = 0.82 F = 1.85

P = 0.031 P = 0.020 P = 0.054 P = 0.373 P = 0.184
η2

p = 0.141 η2
p = 0.168

lPHC × LOTC

lPHC LOTC ROI Causality ROI × Causality ROI × Movement ROI × Causality
× Movement

M (SD) M (SD) Main effect Main effect Interaction Interaction Interaction

25 voxels −0.47 (1.34) 0.37 (1.99) F = 8.03 F = 8.36 F = 2.05 F = 0.07 F = 0.86
P = 0.008 P = 0.007 P = 0.163 P = 0.787 P = 0.362
η2

p = 0.211 η2
p = 0.224

50 voxels −0.58 (1.23) 0.34 (1.99) F = 9.68 F = 7.22 F = 3.06 F = 0.49 F = 0.61
P = 0.004 P = 0.012 P = 0.091 P = 0.492 P = 0.440
η2

p = 0.244 η2
p = 0.199

Note: All ANOVA degrees of freedom are (1,31) in rPHC and (1,30) in lPHC.

is a reliable relationship between category-selective responses
to familiar objects and differential responses to Causers and
Reactors, such that Tool and Hand preferring voxels show a
stronger response to Causer than Reactor objects, while Non-tool
preferring voxels do not.

Follow-up fMRI experiment
A follow-up fMRI experiment with 10 participants was run to
rule out an alternative possible explanation of our results. In
the retrieval phase of main study, participants were encouraged
to recall the event sequence associated with each object. If
they visualized this sequence in its typical order, they may
have visualized the first part of the event more reliably than
the second (e.g. if they ran out of time). In this case, stronger
responses to the Causer objects than the Reactor objects in LOTC
could reflect an overall preference to object or hand movement
events over ambient events. Even though both ambient and
movement events are dynamic, LOTC responds more to tool
motion relative to animate motion (Beauchamp et al. 2003),
and it is not known how it would respond to our ambient event
stimuli. We thus scanned new participants with fMRI while they
viewed the same animated event sequences directly, rather than
retrieving them from memory. This allowed us to obtain the
perceptual responses to viewing these stimuli. We then compared
responses to the 2 kinds of events, ambient (averaging all ambient
events) and object-based (averaging hand-moved and self-moved
events). We found a reliable preference for the ambient events
over object or hand movements in Tool LOTC at n = 25 voxels:
Ambient, M = 2.97, SD = 1.76; Object-Based Movement, M =−2.07,
SD = 1.24; t(9) = 5.65, P < 0.001; and at n = 50 voxels: Ambient,
M = 2.93, SD = 1.62; Object-Based Movement, M =−2.06, SD = 1.13;
t(9) = 6.03, P < 0.001. In Hand–Tool LOTC at n = 25 and at n = 50,
we saw very similar effects: t(9) = 5.71, P < 0.001 and t(9) = 4.89,
P < 0.001. Altogether, this runs counter to the predictions of the
alternative hypothesis, helping to rule it out. We speculate that
the reason for the significant preference to the ambient events

could be that they are vividly colored and often more dynamic
than object-based movements.

We also compared the stimuli when categorized as Causer and
Reactor sequences, but we did not observe reliable differences
between these in either Tool or Hand–Tool ROIs. We suspect
that this difference was absent because when these are viewed
as presented, then event sequences in both conditions exhibit
causal relations between 2 entities: In the Causer conditions, the
central object moving causes the ambient event, while in the
Reactor condition, the event causes the object to move. Thus, both
conditions always had a Causer and a Reactor in this perceptual
condition. In contrast, the retrieval task in the main experiment
showed an isolated object that had reliably served either and only
as a Causer or a Reactor. These results may suggest that LOTC
responses to Causers could be elicited by diverse stimuli.

Follow-up behavioral experiment
We furthermore aimed to rule out the possibility that our
conditions differed in how vividly they were recalled. While it
is not possible to know post hoc how vividly our specific fMRI
participants recalled their event sequences, we pursued this
question with a separate group of participants, of equal sample
size (n = 32), who were given identical training materials. We only
included participants with high accuracy on the training task, out
of 12: Self-Causer M = 10.72, Hand-Causer M = 10.36, Self-Reactor
M = 10.67, and Hand-Reactor M = 10.47. Comparisons revealed
that Self conditions had higher accuracy than Hand conditions,
t(31) = 2.097, P = 0.044, but there were no other differences, all
P > 0.20. Vividness ratings (0–10 scale) were also similar across
conditions, Self-Causer M = 8.33, Hand-Causer M = 8.08, Self-
Reactor, M = 8.09, Hand-Reactor M = 7.72. Self conditions were
more vivid than Hand conditions, t(31) = 2.16, P = 0.039, but there
were no other differences, all P > 0.10. Numerically, the ratings
were higher for Causers than Reactors, however, and it is thus
possible that differences in imagery vividness could be detected
in a larger sample. As it is, we believe the effect is too small to
account for our fMRI effects. If driven by vividness, we would also
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Fig. 6. Results of the ventral stream preference analysis. Left: Main effect of Causality (t-value difference between Causers and Reactors) within the
ventral stream mask. Bottom, The Hands & Tools and Non-Tools response within the ventral stream mask. Scatterplot (A) shows the magnitude of each
voxel’s Causer–Reactor contrast as a function of its response to the Hands & Tools average response. Scatterplot (B) shows the Causer–Reactor difference
as a function of the Non-Tool response.

have expected to see a main effect of Self versus Hand in the
fMRI data, which was the strongest vividness effect. A vividness
difference would also not explain the correlation between the
effect of Causality and the Hand and Tool preference among
voxels in the ventral visual stream. Nonetheless, future work
should obtain vividness ratings from fMRI participants directly.

Discussion
Our findings support the hypothesis that preferential responses
in Tool LOTC can be elicited by the retrieval of an event schema
that has a structure consistent with that of real-world tools.
Novel Causer objects appeared to influence the appearance of
a surrounding event, while Reactor objects appeared to respond
to it, as conveyed solely by the order of animated events. After
learning about these objects, participants viewed static images of
them during fMRI. We found that functionally localized Tool LOTC
responded more strongly to Causers than Reactors, revealing
that the different structure of their associated event schemas
was sufficient to drive preferential responses in this area, with-
out any shape or motor differences. In contrast, this preference
was absent and significantly weaker in right PHC, an area that
responds more to familiar non-tools than tools. Across the inferior
temporal lobe, real-world category preferences to both tools and
hands were positively predictive of a preference to Causers over
Reactors, and non-tool preferences negatively so. We thus suggest
that domain-preferential organization in the temporal lobe is
partially reflective of the typical event structures characterizing
different domains.

This result is not in line with the view that preferential
responses to tools must be due to their greater association with
certain kinds of sensory-motor information, such as visual motion
or motor action (Martin 2007; Patterson et al. 2007; Lambon Ralph
et al. 2017), because Causers and Reactors did not vary in these
factors but their difference in event structure was sufficient
to drive differential responses. In contrast, our findings are in
line with research emphasizing the importance of causal and
functional information in children’s and adults’ categorization

of artifacts (Keil et al. 1998; Gopnik and Sobel 2000; Kemler
Nelson et al. 2000; Truxaw et al. 2006; Kelemen and Carey 2007;
Oakes and Madole 2008; Hernik and Csibra 2009; Futó et al. 2010;
Yee et al. 2010, 2011; Träuble and Pauen 2011; Lombrozo
and Rehder 2012; Bechtel et al. 2013) and work showing the
importance of relational structure in semantic memory more
generally (Gopnik and Meltzoff 1997; Markman and Stilwell 2001;
Jones and Love 2007; Chatterjee 2008; Goodman et al. 2008;
Carey 2009; Kemp et al. 2010). We argue that such properties
are equally important as factors in the neural organization of
object knowledge, providing one possible explanation for the
preservation of tool-selective responses in congenitally blind
individuals (Mahon et al. 2009, 2010; Peelen et al. 2013; Mattioni
et al. 2020) and in those born without hands (Striem-Amit et al.
2018).

Our findings contribute to a broader picture of how relational
structure influences responses across the temporal lobe. Isik et al.
(2017) found that responses in posterior superior temporal sulcus
(a region important in social understanding) also exhibited a
preferential response to point-light walkers that interact relative
to those that act independently, suggesting that this area is influ-
enced by spatiotemporal relations. Relatedly, Abassi and Papeo
(2020) found that the extrastriate body area of the ventral stream
responds more strongly to 2-body dyads that are facing each other
than those that are facing away, suggesting this area is tuned
to spatial configurations of bodies. Together with these findings,
our work reinforces the conclusion that relational information is
an important part of the content and organization of domain-
selective temporal areas.

How event relations come to be learned from experience and
attributed to objects is active area of research (Schulz and Gopnik
2004; Kelemen and Carey 2007; Schulz et al. 2008; Waismeyer et al.
2014; Liu et al. 2019). We operationalized tool-canonical event
schemas as temporally ordered event relations whose structure
was conditional on the particular object involved, based in part on
our prior research investigating how adults judge the causal prop-
erties of novel objects (Leshinskaya and Thompson-Schill 2019).
This work found that participants made use of a hierarchical
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structure of event relations: they judged an object to cause an
event so long as that event appeared contingently on the object’s
motion, but not if it simply occurred frequently in its presence.
This allowed us to formalize the differences between our condi-
tions in terms of observable event properties while controlling for
aspects like associated event frequency and visual attributes.

Our findings also speak directly to the function of LOTC. A
closely related proposal suggests that LOTC is tuned to objects
that extend the body by serving as an effector used with the
hand/arm to influence another object or surface (Bracci and
Peelen 2013). Bracci and Peelen obtained ratings indicating to
what extent specific familiar objects extend the body; items
like forks, tennis rackets, and combs had higher ratings than
doorknobs, books, and violins. These ratings were in turn strong
predictors of the extent of LOTC activation in response to them,
whereas ratings on motor association and graspability were not.
On this account, the schema influencing LOTC involves an object
that exerts a causal effect on its surroundings and it is used phys-
ically by the body to achieve this. Our notion of causal influence
is broader, only having the first requirement. These 2 accounts
lead to slightly different predictions. We would predict that some
items categorized as low on body extension in Bracci and Peelen’s
study (such as light switches) would exhibit stronger responses
in LOTC than items with less of a causal influence overall (e.g.
books); however, their data did not separate such items explicitly.
For our data, a body extension account would predict that the
effect of causality would be strongest in hand-moved objects, an
interaction we did not see robustly. The failure to observe this
interaction may be due to a lack of power and future work should
more deeply investigate the exact structure of event schemas that
best drive LOTC. Nonetheless, both of these theories take event
relations as critical aspects of the function of LOTC.

We additionally replicated the result that LOTC is preferentially
activated not just by images of tools, but also of hands (Bracci
et al. 2011, 2016, 2017, Striem-Amit et al. 2017) and found that
this common area also exhibited a strong preference for novel
Causer versus Reactor objects. The reason for this spatial overlap
and functional similarity remains a matter of debate. The body-
extension account suggests that it is driven by the fact that
tools and hands are functionally interrelated, in that the former
extend the latter (Bracci and Peelen 2013). A causal account would
argue it is driven by the fact that tools and hands are both
causally effective and explains why novel Causers also engaged
similar areas. This latter view is supported by computational work
showing that learning to visually identify hands is facilitated by
tracking objects that are “movers” of other objects (Ullman et al.
2012). Using this “mover” principle to learn to visually recognize
hands would naturally lead to grouping hands with tools in the
visual recognition system, regardless of whether the objects act
in concert with the hands or alone.

Finally, our work is also broadly complementary to neuropsy-
chological and neuroimaging evidence that a variety of nearby loci
in lateral temporal cortex are involved in understanding actions,
events, tools, and how they relate to one another (Leshinskaya
et al. 2020; Wurm and Caramazza 2021), as well as explicit
representation of relational structure and thematic association in
semantic memory (Wu et al. 2007; Kalénine and Buxbaum 2016;
Xu et al. 2018; Leshinskaya and Thompson-Schill 2020; Wang et al.
2020).

Limitations
We note a few limitations of our work. While we reported a main
effect of Causality, we did not observe an interaction with hand
manipulation, which is either due to a lack of power or because

Tool LOTC is driven broadly by event schemas denoting a causal
role of an object, regardless of whether it is used by a hand.
If the latter, then the event schema driving LOTC may be less
specific than the event schemas associated with tools per se.
As we argued above, however, this may be the reason that tools
and hands both engage LOTC—they are both “causers,” broadly
construed. Behaviorally, we also found that causer objects were
not always rated as more “tool-like” by participants. While Hand-
manipulated Causers we rate as more tool-like than Self-moving
Causers, these ratings did not fully go in line with Tool LOTC
activation. It is thus possible that the use of the lexical label
“tool” is not perfectly aligned with the factors driving cortical
organization of object representations.

We also note that functional localizers used to define Tool
LOTC vary across different studies. Whereas we used a contrast of
tools to non-tool objects similar to recent approaches (Bracci et al.
2011), others use contrasts with animals or differently selected
inanimate objects (Chao and Martin 2000; Mahon et al. 2007). The
lack of a standard localizer across studies limits the certainty with
which we can integrate findings across them and we encourage
future work that hones a more standard approach.

Conclusion
Prior findings have reported a tool and hand preferring region
in LOTC whole profile is not easily reduced to any particular
shape preference or motor association. Here we showed that
tool and hand-LOTC can be engaged by the retrieval of an event
schema associated with a novel object, if the object featured in
that schema appears to affect other events rather than respond
to them. In the context of other work, we argue that domain-
preferential organization in the temporal lobe may reflect dif-
ferences not only in sensory-motor features but in the event
structures typical of their preferred domains.
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