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Abstract
Visual perspective taking (VPT), particularly level 2 VPT (VPT2), which allows an individual to
understand that the same object can be seen differently by others, is related to the theory of mind
(ToM), because both functions require a decoupled representation from oneself. Although previous
neuroimaging studies have shown that VPT and ToM activate the temporo-parietal junction (TPJ), it
is unclear whether common neural substrates are involved in VPT and ToM. To clarify this point, the
present study directly compared the TPJ activation patterns of individual participants performing
VPT2 and ToM tasks using functional magnetic resonance imaging and within-subjects design.
VPT2-induced activations were compared with activations observed during a mental rotation task as a
control task, whereas ToM-related activities were identified with a standard ToM localizer using
false-belief stories. A whole-brain analysis revealed that VPT2 and ToM activated overlapping areas
in the posterior part of the TPJ. By comparing the activations induced by VPT2 and ToM in individual
participants, we found that the peak voxels induced by ToM were located significantly more anteriorly
and dorsally within the bilateral TPJ than those measured during the VPT2 task. We further confirmed
that these activity areas were spatially distinct from the nearby extrastriate body area (EBA), visual
motion area (MT+), and the posterior superior temporal sulcus (pSTS) using independent localizer
scans. Our findings revealed that VPT2 and ToM have distinct representations, albeit partially
overlapping, indicating the functional heterogeneity of social cognition within the TPJ.
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Significance Statement
The temporo-parietal junction (TPJ) is consistently activated by social cognitive tasks such as visual
perspective taking (VPT) and theory of mind (ToM) tasks. The present study investigated whether
VPT and ToM have the same neural substrates within the TPJ using functional magnetic resonance
imaging (fMRI) with a within-subjects design. While VPT and ToM tasks activated overlapping areas
in the posterior part of the TPJ, the individual peak voxels induced by ToM were located significantly
more anteriorly and dorsally compared with those observed during the VPT task. Moreover, they were
spatially distinct from the nearby functional modules, such as the extrastriate body area, visual motion
area, and posterior superior temporal sulcus. Our findings reveal the heterogeneity of social cognition
representation within the TPJ.
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Introduction
Visual perspective taking (VPT) is the ability to understand how the world looks to others and has two
different levels. Level 1 VPT (VPT1), also called perspective tracking (Gunia et al., 2021), is the
ability to determine if another person can see an object, whereas level 2 VPT (VPT2) is the ability to
understand that others have different views of an object than one’s own (Flavell, 1977). Previous
studies have indicated that VPT1 and VPT2 are distinct cognitive processes. Developmental studies
have shown that VPT1 is acquired between 18 and 24 months of age, whereas VPT2 appears in 4- or
5-year-old children (Flavell et al., 1981; Gzesh and Surber, 1985; Pearson et al., 2013). Behavioral
investigations also support that VPT1 and VPT2 have different properties. In VPT2, the response
times increase with the increase in the angular distance between the participant and the agent,
indicating that the participant mentally transformed their own position to the other’s perspective
(Michelon and Zacks, 2006). Studies using mental simulation of body movements also proposed that
VPT2 is an embodied process (Kessler and Rutherford, 2010; Hirai et al., 2018).
VPT2 is related to the theory of mind (ToM) or mentalizing, because both functions require a
decoupled representation from one’s own perspective or belief. Moreover, people with autism
spectrum disorder (ASD) present impaired ToM and VPT2, whereas the VPT1 ability remains intact
(Hamilton et al., 2009; Pearson et al., 2013). Hamilton et al. (2009) compared the performance of
children with ASD with those of typically developed children in terms of the VPT2 and in mental
rotation (MR) task, both of which require comparable mental spatial processing. They showed that
VPT2, but not MR, performances were significantly impaired in the children with ASD compared
with those of typically developed children. They also showed that VPT2 performances were
significantly associated with the ToM ability (Hamilton et al., 2009). Their findings indicate that
VPT2 and ToM have common cognitive substrates.
The temporo-parietal junction (TPJ) has been involved in both VPT and ToM. Lesions in the
TPJ induce impairments of the ToM, particularly of the ability to understand other’s false beliefs
(Apperly et al., 2004; Samson et al., 2004) and of VPT, especially the ability of taking another
person’s perspective (Samson et al., 2005). In addition, transcranial direct stimulation of the TPJ
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improves VPT performances in normal subjects (Santiesteban et al., 2015; Martin et al., 2020). Many
neuroimaging studies have consistently shown TPJ activations during the processes of VPT (Aichhorn
et al., 2006; Corradi-Dell’Acqua et al., 2008; Schurz et al., 2015; Agarwal et al., 2017) and ToM
(Saxe and Kanwisher, 2003; Otsuka et al., 2009; Dodell-Feder et al., 2011; Schurz et al., 2014;
Kanske et al., 2015). Some meta-analyses have also shown that VPT and ToM cause TPJ activation
(Schurz et al., 2013; Gunia et al., 2021). However, another study found no overlap activation between
VTP and the different types of ToM tasks (Arora et al., 2017). Although VPT and ToM activate
regions within the TPJ, they might not share the same neural substrates, considering that activations
within the same region of interest do not necessarily mean common neural substrates (Hong et al.,
2019). Since the TPJ is heterogeneous and composed of various subregions (Decety and Lamm, 2007;
Mars et al., 2012; Bzdok et al., 2013), it is important to investigate the common neural substrates
between VPT and ToM by testing the regions activated within individual participants.
The present study aimed to investigate whether VPT and ToM share common neural
substrates in the TPJ using functional magnetic resonance imaging (fMRI) and within-subjects design.
Participants performed VPT and ToM tasks. The regions activated by VPT were compared with those
activated by an MR task as the control task. The activities triggered by ToM were identified with a
standard ToM localizer. The activations were then compared within participants to identify potential
shared neural substrates for VPT and ToM in the TPJ.
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Materials and Methods

Participants
Participants included 31 healthy volunteers (21 males and 10 females; 20–27 years of age). The
number of participants was determined to detect reliable activations based on previous fMRI
experiments on VPT (Aichhorn et al., 2006; Schurz et al., 2015) or ToM (Saxe and Kanwisher, 2003;
Young et al., 2010b). All participants, with the exception of one, were right-handed, as assessed by a
modified version of the Edinburgh Handedness Inventory (Oldfield, 1971) for Japanese participants
(Hatta and Nakatsuka, 1975). Written informed consents were obtained from all participants in
accordance with the Declaration of Helsinki. The experimental protocol was approved by the local
ethics committee.

Task procedures
Each participant underwent a VPT and a ToM task. For the VPT task, we employed a computerized
version of the paradigm by Hamilton et al. (Hamilton et al., 2009) for VPT and MR tasks for children.
Although their original study used a real meaningful object (small toy), we used pseudo-randomly
combined three-dimensional cubes typically used for MR (Shepard and Metzler, 1971) to increase the
task difficulty for adults. First, one object and a pot, which were placed on a tray whose front side was
colored red, were displayed on the left and right sides of the screen, respectively, for 3 s. In addition,
in the VPT condition, an image of a person (avatar) standing either on the front, back, left, or right
side of the pot was displayed. The participants were asked to view the object from the perspective of
the avatar. In the MR condition, one of the four sides of the tray was colored red. The participants
were asked to imagine the tray rotating in the direction indicated by the red side of the tray as well as
the rotation of the object. In both VPT and MR conditions, four different views of the same object
were presented and the participants had 4 s to select the correct response (Fig. 1). Between the trials, a
fixation cross was presented for 8 s. The VPT and MR trials were pseudo-randomly presented in the
same run, with 20 trials per condition. One run lasted for approximately 10 min.
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For the ToM task, we used a modified version of standard ToM localizer (Dodell-Feder et al.,
2011) for Japanese participants (Ogawa et al., 2017). The participants were presented with stories
describing false beliefs in the ToM task or false pictures or maps in the control task. Both types of
stories were pseudo-randomly ordered within a run, with seven stories per condition. Each story was
displayed as written sentences for 10 s. After the story, a true or false question asking whether the
situation was real or was a false representation was presented for 4 s. Between the trials, a fixation
cross was displayed for 7 s. One run lasted for approximately 5 min.
VPT and ToM tasks were conducted in separate runs and each participant underwent a total of
three runs, two VPT runs and one ToM run. The order of the VPT and ToM runs was counterbalanced
across participants. The participants’ response (pressing a button) and reaction time were recorded
using an MRI-compatible response pad (Current Design, Philadelphia, USA). The stimuli were
designed using SketchUp Make 2017 (Trimble Inc., California, USA), and the programs were
implemented with PsychoPy 3 (https://www.psychopy.org/).

Magnetic resonance imaging (MRI) acquisition
All scans were performed on a Siemens (Erlangen, Germany) 3-Tesla Prisma scanner with a
64-channel head coil at Hokkaido University. T2*-weighted echo planar imaging (EPI) was used to
acquire a total of 304 scans for the VPT runs and 151 scans for the ToM runs, with a gradient echo
EPI sequence. The first three scans within each run were used for T1 equilibration and were
discarded. The scanning parameters were repetition time (TR): 2,000 ms, echo time (TE): 30 ms, flip
angle (FA): 90°, field of view (FOV): 192 × 192 mm, matrix: 94 × 94; 36 axial slices, and slice
thickness: 3.0 mm with a 0.75 mm gap. T1-weighted anatomical imaging with a
magnetization-prepared rapid gradient-echo sequence was performed using the following parameters:
TR: 2,300 ms, TE: 2.32 ms, FA: 8°, FOV: 256 × 256 mm, matrix: 256 × 256, 192 axial slices, and
slice thickness: 1 mm without a gap.

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.04.474884; this version posted January 4, 2022. 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 4.0 International license.

9
Processing of fMRI data
Image preprocessing was performed using the SPM12 software (Wellcome Department of Cognitive
Neurology, http://www.fil.ion.ucl.ac.uk/spm) in MATLAB R2021a (The MathWorks, Inc). All
functional images were initially realigned to adjust for motion-related artifacts. Volume-based
realignment was performed by co-registering images using rigid-body transformation to minimize the
squared differences between volumes. The realigned images were then spatially normalized using the
Montreal Neurological Institute (MNI) template based on the affine and non-linear registration of
coregistered T1-weighted anatomical images (normalization procedure of SPM). They were
resampled into 3-mm-cube voxels using sinc interpolation. Images underwent spatial smoothing using
a Gaussian kernel of 6 × 6 × 6-mm full width at half-maximum.
Using the general linear model, the task blocks of each session were modeled as box-car
regressors that were convolved with a canonical hemodynamic response function. For both VPT and
ToM runs, the box-car covered the presentation period of the first stimuli (4 s for VPT and 10 s for
ToM). The six realignment parameters were also included in the design matrix as covariates.
Low-frequency noise was removed using a high-pass filter with a cut-off period of 128 s, and serial
correlations among scans were estimated with an autoregressive model implemented in SPM12.

fMRI analysis
We used the conventional mass-univariate analysis of individual voxels to identify the areas activated
by finger tapping. For VPT runs, we analyzed areas that were significantly activated during the VPT
task compared with those activated during MR trials (VPT > MR). For ToM runs, the regions that
were significantly activated during the ToM task were compared with those activated in control trials
(ToM > control). Contrast images of each participant, generated using a fixed-effects model, were
analyzed using a random effects model of one-sample t-test. The activation was reported with a
threshold of p < .05 corrected for multiple comparisons of family-wise error (FWE) at the
cluster-level and with p < .001 uncorrected at the voxel level. In addition, to compare their activation
patterns, individual voxel coordinates of peak activation were selected within a spherical region of
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interest (ROI) with a radius of 20 mm centered on the reported coordinates of the bilateral TPJ (right
TPJ: –49, –61, 27; left TPJ: 54, –55, 20) based on a recent meta-analysis of neuroimaging studies for
social cognition (Alcalá-López et al., 2018). The same ROI mask was applied for VPT and ToM
analysis to ensure unbiased selection of the coordinates.

Functional localizer scans
We additionally conducted standard functional localizer scans to identify the following three regions
in each participant: the extrastriate body area (EBA) (Downing et al., 2001; Spiridon et al., 2006),
visual motion area (MT+) (Tootell et al., 1995; Wilms et al., 2005), and the posterior superior
temporal sulcus (pSTS) (Grossman et al., 2000; Peuskens et al., 2005). These three localizer runs were
independently scanned for the 12 subjects (9 males and 3 females; 20–24 years of age) who
participated in the main experiment. Each run lasted for approximately 7 min.
In the EBA localizer, one block consisted of 20 images of headless human body parts in
different postures, which were alternated with 20 images of chairs as controls. Each image was
presented for 300 ms, followed by a black screen for 450 ms. A fixation cross was intercalated at the
end of each block for 12 s as baseline. The same images were presented twice in succession, twice
during each block. The participants were asked to press a button with the right index finger when they
detected the immediate repetitions. In the MT+ localizer, the viewing block consisted of presenting
moving or static dots for 15 s alternately with a rest period of fixation display for 12 s. A total of 16
blocks, which consisted of 8 moving blocks and 8 static blocks, were executed. In the pSTS localizer,
a point-light biological motion was displayed for 15 s. In the control condition, scrambled displays
with the same motion vectors as those of the biological motion but with randomized initial starting
positions were presented for 15 s. A total of 16 blocks were performed, which consisted of 8
biological motion blocks and 8 control blocks. The participants passively viewed the stimuli during
the EBA and pSTS localizer scans. The threshold of the activation peak was set at p < .05 uncorrected
for the multiple comparisons and selected within a spherical mask with a 20-mm radius centered on
the previously published coordinates as follows: EBA coordinates were based on the mean
coordinates of nine neuroimaging paper
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(Okamoto et al., 2017), whereas MT+ and pSTS were selected from the meta-analysis of social
cognition (Alcalá-López et al., 2018).
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Results

Behavioral analysis
We analyzed the task accuracy and the reaction time (RT) (Fig. 2). The mean (SD) accuracies in the
VPT and MR tasks were 87.3% (14.5%) and 70.6% (20.0%), respectively. Results of the paired t-test
showed that the accuracy in the VPT task was significantly higher than that in the MT task, t(30) =
5.07, p < .001, Cohen’s d = 0.93. The mean (SD) RTs in the VPT and MR tasks were 2.63 (0.59) and
2.71 (0.56) s, respectively. The VPT RTs were significantly shorter than those observed in the MR
task, t(30) = 2.20, p < .05, Cohen’s d = 0.40.
The mean (SD) accuracy in the ToM localizer task and control condition were 80.6% (19.0%)
and 85.7% (16.5%), respectively, without significant difference between both tasks, t (30) = 1.61, p =
0.12, Cohen’s d = 0.29. The mean (SD) RTs in the ToM localizer task and control condition were 4.03
(1.07) and 3.19 (1.07) seconds, respectively. The RTs in the ToM localizer task were significantly
slower than those in the control condition, t (30) = 5.08, p < .001, Cohen’s d = 0.93.

Analysis of fMRI data
A whole-brain analysis was conducted to identify the activations specific to the VPT and ToM
conditions. We found notably higher activations in the bilateral TPJ during VPT tasks than in those
observed in MR trials (VPT > MR). The regions preferentially activated during ToM compared with
those activated in control condition were mostly in the bilateral TPJ extending into the anterior
temporal cortex (ToM > control). Activations of the medial prefrontal cortex (mPFC), the precuneus,
the early visual cortex, and the cerebellum were also detected (Fig. 3A, B, and Table 1). We then
overlapped the voxels activated during the VPT and ToM tasks and found a relatively small overlap
(blue voxels in Fig. 3C, number of voxels = 69) compared with the original cluster size activated by
VPT (Fig. 3A in red, number of voxels = 3,124) and ToM (Fig. 3B in green, number of voxels = 130).
To compare individual peaks within the TPJ, peak voxels were selected within the TPJ ROI
mask. No significant activation (p < .05, uncorrected for the voxel level) was found within the TPJ in
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the left and right hemisphere of participants 3 and 2 during the VPT or ToM tasks. Therefore, these
participants were excluded from the coordinate comparison. The peak coordinates were plotted using
BrainNet Viewer (Xia et al., 2013). The peak voxels obtained during the ToM task were found in
locations significantly more anterior (y-axis left hemisphere: t[27] = 3.06, p = .005, Cohen’s d = 0.59;
y-axis right hemisphere: t[28] = 2.70, p = .012, Cohen’s d = 0.51) and dorsal (z-axis left hemisphere:
t[27] = 3.52, p = .002, Cohen’s d = 0.68; z-axis right hemisphere: t[28] = 2.49, p = .019, Cohen’s d =
0.47) compared with the peak voxel positions in the bilateral TPJ for VPT tasks. There was no
significant difference in the lateromedial direction, x-axis left hemisphere: t(27) = 0.85, p = .40,
Cohen’s d = 0.16 and x-axis right hemisphere: t(28) = 0.53, p = .60, Cohen’s d = 0.10 (Fig. 4).
We further used independent functional localizer scans to determine the peak localization in
each participant for the EBA, MT+, and pSTS. All participants showed reliable EBA and MT+
activations in both the hemispheres, whereas we observed no activation in the pSTS from the left and
right hemispheres for participants 5 and 6 and therefore did not include them in the analysis. We
compared the individual peaks and found that these functional clusters were significantly spatially
distinct from those obtained during VPT and ToM tasks in the x- and y-axes for both hemispheres
(Fig. 4) (VPT vs. EBA y-axis: ts > 2.70, ps < 0.05, Cohen’s ds > 0.85; VPT vs. EBA z-axis: ts > 6.07,
ps < 0.001, Cohen’s ds > 1.92; ToM vs. EBA y-axis: ts > 5.00, ps < 0.001, Cohen’s ds > 1.51; ToM vs.
EBA z-axis: ts > 8.07, ps < 0.001, Cohen’s ds > 2.55; VPT vs. MT+ y-axis: ts > 2.32, ps < 0.05,
Cohen’s ds > 0.73; VPT vs. MT+ z-axis: ts > 5.30, ps < 0.001, Cohen’s ds > 1.68; ToM vs. MT+
y-axis: ts > 6.31, ps < 0.001, Cohen’s ds > 1.90; ToM vs. MT+ z-axis: ts > 8.12, ps < 0.001, Cohen’s
ds > 2.45; VPT vs. pSTS y-axis: ts > 7.48, ps < 0.005, Cohen’s ds > 3.74; VPT vs. pSTS z-axis: ts >
4.14, ps < 0.01, Cohen’s ds > 1.85; ToM vs. pSTS y-axis: ts > 2.62, ps < 0.06, Cohen’s ds > 1.31;
ToM vs. pSTS z-axis: ts > 3.75, ps < 0.05, Cohen’s ds > 1.87).
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Discussion
This study investigated whether the same neural substrates in the TPJ are involved in VPT and ToM
by directly comparing TPJ activation in individual participants. Behavioral data revealed that the
response to the VPT task was significantly faster and more accurate than that to MR, whereas the
response to the ToM task was slower than that to control tasks with no significant difference in task
accuracy. The fMRI analyses revealed that the VPT and ToM tasks activated partially overlapped
areas in the bilateral TPJ. By comparing the peak activations in each of the participants for both tasks,
we found that peak voxels activated during the ToM task were located in a significantly more anterior
and dorsal part of the TPJ than those activated by the VPT task. The activated areas were also
spatially distinct from nearby functional modules (EBA, MT+, and pSTS), as shown by independent
localizer scans. Our finding revealed neighboring but distinct representations of VPT and ToM within
the TPJ.
We found focal activities in the bilateral TPJ induced by VPT when compared with
MR-related activation. This TPJ activation was partially overlapped with the ToM activity, which
corroborates the proposal that the VPT2 is a mentalizing task (Hamilton et al., 2009). Previous studies
showed that the reorientation of the attention activates the TPJ (Corbetta et al., 2008). There have
been controversies about whether the same TPJ areas are involved in the reallocation of attention and
the ToM (Decety and Lamm, 2007; Mitchell, 2008; Young et al., 2010b; Geng and Vossel, 2013;
Santiesteban et al., 2017). A meta-analysis revealed a substantial overlap between attentional
reorientation and ToM in the right TPJ (rTPJ) (Decety and Lamm, 2007), whereas other studies
showed that the posterior part of the rTPJ is involved in social cognition (Scholz et al., 2009; Krall et
al., 2015). The TPJ activations observed in the present study are unlikely owing to the attentional
processes, because VPT and MR tasks require bottom-up attention to visual cues and comparable
mental spatial processing (Hamilton et al., 2009). The behavioral analyses showed faster and more
accurate responses in the VPT task than in the MR task, indicating that the attentional demand or the
global task difficulty was lower in the VPT task than in the MR task. In addition, the TPJ activation
peak was closer to the coordinates obtained for ToM than that found in attentional reorientation
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(Decety and Lamm, 2007). For example, the coordinates [54 –64 14] in the right hemisphere (Table 1)
are closer to the mean coordinates found in ToM [56, –54, 19] than those obtained in previous studies
for attentional reorientation [55, –55, 26](Mitchell, 2008; Scholz et al., 2009). It should be noted that
the visual cues were different between the VPT (avatar) and MR (edge color) tasks. Therefore, the
observed activity might be a result of viewing the avatar. To overcome this problem, we conducted an
EBA functional localizer, because EBA is involved in the visual perception of human bodies
(Downing et al., 2001) and found that EBA activation was spatially distinct from the TPJ activation.
We not only found large areas activated by the ToM task, including the bilateral TPJ, but also
the anterior part of the temporal cortex, the mPFC, the precuneus, and the lingual gyrus. Although
previous studies indicated a dominance of the right hemisphere in ToM tasks (Sommer et al., 2007;
Scholz et al., 2009; Young et al., 2010a), a bilateral involvement was also reported (Saxe and
Kanwisher, 2003; Kobayashi et al., 2007), which is consistent with our result. The large area of
activity in both hemispheres also agrees with previous neuroimaging studies on the ToM (Aichhorn et
al., 2009; Lee and McCarthy, 2016; Ogawa et al., 2017), which showed activities in the mPFC, the
precuneus, and the anterior part of the temporal cortex, in addition to the TPJ, constituting a core
network for ToM performance (Frith and Frith, 1999; Amodio and Frith, 2006; Heyes and Frith, 2014;
Schurz et al., 2014).
By comparing the whole-brain activations during the VPT and ToM tasks, we found partially
overlapped voxels within the TPJ. This overlap was located within the angular gyrus and
corresponded with the posterior part of the TPJ (TPJp), rather than the anterior TPJ (TPJa), which is
consistent with the roles of the TPJp in social cognition, whereas the TPJa is involved in attentional
reorientation (Decety and Lamm, 2007; Scholz et al., 2009; Mars et al., 2012; Carter and Huettel,
2013; Kubit and Jack, 2013). We further compared the peak activations of both functions in individual
participants and found that the peak voxels induced by ToM were located significantly more anteriorly
and dorsally within the bilateral TPJ compared with those observed during the VPT task. Both VPT
and ToM share cognitive processes that require the mental representation of other agents, which is
decoupled with the self-perspective of belief. Additionally, ToM necessitates a more complex
representation of ones’ beliefs or thoughts for a longer time during narrative comprehension, whereas
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VPT requires a more visual and instantaneous representation of another’s perspectives. This
functional discrepancy in representing ones’ minds might cause distinct peaks of activities during
ToM and VPT tasks. Thus, it is not surprising that VPT-dependent activation is located ventrally to the
early visual cortex for low-level visual processing, whereas the ToM-dependent activity is detected in
a more anterior and ventral area with more complex cognitive components.
The VPT and ToM activity peaks were also found more anteriorly and dorsally than the
activities in the EBA and pSTS, which are both involved in the social perception of others, the EBA
of human body parts (Downing et al., 2001) and the pSTS of biological motion or detection of
intentional agent (Chakrabarti and Baron-Cohen, 2006). These results suggest the existence of a
functional gradient of social cognition, starting from the low-level detection of other agents in the
pSTS and EBA and ending in the more anterior and dorsal areas activated by ToM and VPT with the
high-level mental representation of the other agent decoupled from oneself. Our proposal is in line
with the nexus model of the TPJ, which proposes that the basic social perception begins in the lateral
occipital cortex (EBA and pSTS) and then converges dorsally into the abstract representation for
social cognition (Carter and Huettel, 2013), together with functional heterogeneity in the TPJ (Lee and
McCarthy, 2016). . The TPJ is also associated with other types of perspective taking of others under
complex social interactions, including joint action (Abe et al., 2019), charitable giving (Tusche et al.,
2016), strategic competitive interaction (Ogawa and Kameda, 2020), social judgment or decision
making (Young et al., 2010a; Kameda et al., 2016). Further studies are needed to understand the
relationships between these functions and clarify the neural mechanisms and functional gradients
within the TPJ.
In summary, the present study investigated whether VPT and ToM have the same neural
substrates in the TPJ by directly comparing the activation patterns of individual participants using
fMRI with a within-subjects design. Our findings revealed that VPT and ToM have neighboring but
distinct representations, indicating the functional heterogeneity of social cognition within the TPJ.
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Figures

Fig. 1: Stimuli used for the VPT and MR tasks. First, a 3D object and a pot, which were placed on a
tray with the front side colored red, were displayed for 3 s. In addition, an image of a person (avatar)
standing either on the front, back, left, or right side of the pot was displayed in the VPT condition.
The participants were asked to imagine the view of this object from the perspective of this person. In
the MR condition, one of the four sides of the tray was colored in red. The participants were asked to
image the rotation of the tray in the direction indicated by the red side of the tray as well as the rotated
view of the object. In both VPT and MR conditions, four different views of the same object were then
presented, and the participants had 4 s to select the correct response.
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Fig. 2: Behavioral results for each run. (A) Task accuracy and reaction time (RT) in the VPT and MR
conditions. (B) Task accuracy and RT in the ToM and control conditions. Each dot represents the data
of an individual subject. The horizontal bar indicates the mean value. The individual data are available
at https://doi.org/10.6084/m9.figshare.17149094
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Fig. 3: The activated regions on the surface and in horizontal planes displayed with MRIcroGL. (A)
Regions with significantly higher activation during the VPT task than during the MR task. (B)
Regions with significantly higher activation during the ToM task than during the control trials. (C)
The activated voxels obtained during the VPT (3A in green, number of voxels = 3,124) and ToM (3B
in red, number of voxels = 130) tasks were overlaid onto the 3D template brain of MRICroGL (left)
and displayed with the 3D plot of MATLAB (right) in the same orientation. The blue voxels are the
voxels overlapping between the VPT and ToM conditions (number of voxels = 69). The activation
was considered significant for a threshold of p < .05 corrected for multiple comparisons for
family-wise error (FWE) at the cluster-level with p < .001 uncorrected at the voxel level. L, left; R,
right; S, superior; I, inferior; A, anterior; P, posterior. The activated areas are listed in Table 1. The
unthresholded activation images in NIfTY format are available at
https://doi.org/10.6084/m9.figshare.17046179
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Fig. 4: Individual peak voxels obtained during VPT (green) and ToM (red) task as well as for EBA
(cyan), MT+ (yellow), and pSTS (magenta) displayed on the glass template brain using BrainNet
Viewer (Xia et al. 2013) and the 3D plot on the MNI coordinates (lower panel). L, left; R, right; S,
superior; I, inferior; A, anterior; P, posterior. The individual coordinate values are available at
https://doi.org/10.6084/m9.figshare.17141867
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Tables

Table 1: Anatomical regions, peak voxel coordinates, and t-values of the observed
activations.
Anatomic region

voxels

MNI coordinates

t-value

x

y

z

VPT > MR
L TPJ

130

-51

-67

14

5.52

R TPJ

69

54

-64

14

4.78

1014

54

5

-28

9.15

48

-64

26

8.44

-54

-7

-16

8.29

-45

-58

23

7.00

ToM > control
R middle temporal cortex
R TPJ
L middle temporal cortex

771

L TPJ
M precuneus

787

3

-52

35

7.72

R lingual gyrus

443

6

-82

-4

7.23

-9

-85

-7

5.57

L lingual gyrus
L cerebellum

45

-21

-79

-34

6.02

M anterior cingulate cortex

59

6

53

11

5.58

L mPFC

-9

47

23

5.33

R mPFC

6

56

20

4.76

-6

-55

-40

5.25

9

-46

-40

4.80

L cerebellum
R cerebellum

74

MNI, Montreal Neurological Institute; VPT, visual perspective taking; MR, mental rotation;
ToM, theory of mind; L, left hemisphere; R, right hemisphere; M, medial; TPJ,
temporo-parietal junction; mPFC, medial prefrontal cortex.
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