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Visual perspective-taking requires mentally adopting another spatial viewpoint by aligning one’s own perspective with that of a reference,
such as another person or object. This alignment process is thought to rely on embodied spatial transformations engaging both spatial
computation and motor-related systems. Using functional magnetic resonance imaging (fMRI), we tested whether neural responses scale
with angular disparity between observer and reference viewpoints. Participants judged the relative position of objects from the perspective
of either an avatar or an empty chair across alignment conditions and rotation angles. Unaligned conditions elicited stronger activation
than aligned conditions in a distributed network encompassing medial frontal, premotor, opercular, posterior parietal, ventral temporal,
and cerebellar regions. Both reaction time and Blood-Oxygen-Level-Dependent signal (BOLD) magnitude increased linearly with angular
disparity, and individual differences in response time correlated with activation magnitude, linking behavioral effort to neural computation.
Comparable results were obtained when the reference was a chair, indicating that these mechanisms generalize beyond social contexts.
Together, these findings reveal a cerebello-frontoparietal network that supports perspective alignment through embodied simulation,

spatial transformation, and predictive modeling, providing a unified account of the neural computations underlying VPT.
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Introduction

Visual perspective-taking (VPT)—the ability to adopt an alternative
spatial viewpoint—is essential for navigation, social interaction, and
cooperative behavior (Samuel et al. 2023). A defining feature of VPT
is the need to establish alignment between the observer’s perspective
and that of a reference, such as another person or a directional object.
This alignment process enables judgments about spatial relationships
as they would appear from the reference perspective, such as whether
an object lies to the left or right. Achieving alignment is understood
to be an embodied process (Kessler 2010; Kessler and Thomson 2010;
Surtees et al. 2013a; Van Elk and Blanke 2014), in which the brain uses
the body schema—an internal representation of the body’s position
and orientation—to mentally reorient the self. Through this reorien-
tation, the internal frame of reference comes to match that of the
reference object or person. Behavioral studies show that this process
is sensitive to the amount of misalignment: response times increase
systematically with greater angular difference between the observer
and the reference (Kessler and Thomson 2010; Surtees et al. 2013b).
Congruent body postures further facilitate performance, consistent
with active engagement of the body schema (Kessler and Thomson
2010; Van Elk and Blanke 2014).

Neuroimaging studies demonstrate that alignment engages a dis-
tributed network including posterior parietal, premotor, supplemen-
tary motor, and cerebellar regions (Creem et al. 2001; Zacks et al.
2003; Wraga et al. 2005; Lambrey et al. 2012; Mazzarella et al. 2013;

Gunia et al. 2021). These findings are consistent with the view that
VPT relies on embodied spatial transformations that recruit both
spatial computation and motor-related processes. However, relatively
few studies have parametrically manipulated the degree of angular
misalignment (Keehner et al. 2006), limiting the ability to test whether
neural responses scale with the demands of alignment—a key feature
predicted by accounts emphasizing mental reorientation.

Here, we address this gap using fMRI to test whether neural
responses in the perspective-taking network scale with the degree
of angular misalignment between an observer and a reference.
Participants completed a VPT task with either a social reference
(avatar) or a non-social directional reference (empty chair). This
manipulation allowed us to test whether alignment processes depend
on the presence of a social agent or instead reflect more general spatial
computations that operate on any object with an intrinsic directional
axis. Prior behavioral work has suggested that perspective-taking can
be performed both for other people and for directional objects (Gunalp
et al. 2019), although social agents may additionally recruit processes
related to mentalizing or embodied simulation. By comparing
avatar and chair conditions, we therefore asked whether the neural
mechanisms supporting perspective alignment are specific to social
perspective-taking or reflect domain-general spatial transformation
processes. We hypothesized that (i) regions previously implicated in
spatial transformation and embodied simulation—including posterior
parietal, premotor, medial frontal, and cerebellar areas—would show
stronger activation when perspectives were unaligned relative to
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aligned; (ii) activity within these regions would scale parametrically
with angular disparity, consistent with a mental reorientation process;
and (iii) if alignment reflects a domain-general spatial computation,
similar neural responses should be observed for both avatar and chair
reference objects. Finally, we tested whether individual differences in
behavioral cost (reaction time, “RT”) would predict the magnitude of
neural responses in these regions.

Materials and methods
Participants

Thirty-one adults participated. Three subjects were excluded due to
excessive head motion. Head motion was quantified using framewise
displacement (FD). For each functional run, the maximum FD value
across volumes was computed, and these maxima were then averaged
across runs for each participant. Participants whose mean of the run-
wise maximum FD values exceeded 1.2 mm were excluded from
further analysis. This threshold was chosen to exclude participants
with large transient motion while retaining sufficient sample size
for group analyses. The final sample (N =28) comprised 13 females
and 15 males. Sample size was determined based on practical con-
straints on magnetic resonance imaging (MRI) data collection. We
did not perform a formal a priori power analysis. However, the
sample size allowed reliable estimation of behavioral effects and
neural responses across experimental conditions, and the principal
conclusions were supported convergently across behavioral mea-
sures, whole-brain analyses, and region-of-interest analyses. Mean
age was 24 years (SD=3.9 years; min=18.8 years, max=30 years).
All participants had normal or corrected-to-normal vision. Twenty-
seven participants were right-handed and one was left-handed, based
on self-report. Participants were screened to exclude individuals with
a history of neurological or psychiatric disorders, use of psychoac-
tive medications, or standard MRI contraindications (eg incompatible
metal implants or pacemakers). All participants provided written
informed consent to participate, and were monetarily compensated
for their time. The research protocol was approved by the Institutional
Review Board of the University of Washington (Study 00000556).

MRI acquisition

MRI data were acquired on a 3T Siemens Prisma scanner at the
University of Washington Center for Human Neuroscience using
a 64-channel head/neck coil. Functional images were collected
using a T2xweighted gradient-echo echo-planar imaging sequence
with multiband acceleration (conrr_mbep2d_bold, CMRR, University
of Minnesota). Imaging parameters were as follows: 52 slices
aligned with the AC-PC plane; 3 mm isotropic resolution; field
of view=222 mm; repetition time (TR)=1000 ms; echo time
(TE)=30 ms; flip angle=64°; multiband factor=4; phase encod-
ing direction = anterior-posterior (AP). Functional run structure
(including number of volumes and run duration) is described in
the Experimental Design section for each task. At the beginning of
each scanning session, a short run (3 volumes) with reversed phase-
encoding direction (posterior-anterior, PA) relative to the functional
scans was acquired for geometric distortion correction. Anatomical
images were acquired using a T1-weighted 3D multi-echo MPRAGE
(MEMPRAGE) sequence that included volumetric navigators for
prospective motion correction. This sequence was used to improve
robustness to head motion and enhance anatomical image quality.
MEMPRAGE parameters were as follows: 176 sagittal slices; 1 mm

isotropic resolution; field of view=256 mm; TR=2530 ms; four
echoes (TE=1.69/3.55/5.41/7.27 ms); inversion time (TI)=1240 ms;
flip angle = 7°; Generalized Autocalibrating Partially Parallel Acquisi-
tions (GRAPPA) acceleration factor = 2; bandwidth = 650 Hz/Px; echo
spacing =9.8 ms.

Stimuli and task design

All stimuli were 3D scenes rendered in Blender. Stimuli were pre-
sented on a BOLDscreen UHD MRI compatible display at the head
end of the bore using MATLAB and the Psychophysics Toolbox. Each
scene contained an avatar or a chair positioned centrally, along with
2 objects (a cube and a sphere) placed on opposite sides. The primary
manipulation involved the alignment between the participant’s view-
point and that of the avatar or chair. In the aligned condition, the par-
ticipant and the avatar/chair shared the same left-right perspective on
the objects in the scene. In the unaligned condition, the avatar or chair
was rotated, such that the participant viewed it from the front and
the left-right relationships were reversed relative to the avatar/chair’s
perspective (Fig. 1A).

To introduce variability, small angular deviations (+10°, +£20°,
+30°) were applied in the block-design experiments. In the event-
related experiment, the full range of angular disparity was sampled
in 60° increments (0°, 60°, 120°, 180°, 240°, 300°; Fig. 1B), enabling
a parametric assessment of perspective transformation demands. On
each trial, participants indicated whether the cube was to the left or
right from the perspective of the avatar or chair, responding as quickly
and accurately as possible. Responses were made using the right hand,
with the index finger indicating “left” and the middle finger indicating
“right.” The sphere served as a distractor and ensured that retinotopic
stimulation was approximately balanced across conditions.

Experimental design

Each participant completed a series of functional scans including 2
runs of the avatar alignment localizer, 2 runs of the chair alignment
localizer, 4 runs of the event-related perspective-taking task, and 1 or
2 runs of the visual category localizer. The second run of the visual
category localizer was collected when time permitted.

Block design (alignment localizer)

Two block-design experiments were performed, one using avatar
stimuli and one using chair stimuli. Each run consisted of 280 volumes
(4 min 40 s). Blocks were 10 s in duration and alternated between
aligned and unaligned conditions in pseudorandom order. Each block
comprised five 2-s trials, with stimuli randomly sampled from the
corresponding condition. Each trial consisted of 1.5 s of stimulus
presentation followed by 0.5 s of fixation. Blocks were separated by
10 s fixation periods. Each condition was repeated 7 times per run.
The use of both avatar and chair stimuli allowed us to assess whether
perspective-taking effects depended on social (avatar) versus non-
social (chair) cues.

Event-related design (perspective-taking task)

Four event-related runs were collected, each consisting of 396 volumes
(6 min 36 s). Each run comprised 128 trials arranged according to an
8-level m-sequence to maximize estimation efficiency and counterbal-
ance sequential dependencies (Buracas and Boynton 2002). This pseu-
dorandom sequence ensures that each condition precedes and follows
every other condition equally often, enabling efficient estimation of
event-related responses.
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“Aligned”

“Unaligned”

Figure 1 (A) Examples of aligned and unaligned stimuli for the avatar
and chair experiments. (B) Examples of the stimuli in the event-related
experiment. In all experiments subjects evaluated the position of the
cube (left or right) from the perspective of the avatar/chair.

Six stimulus conditions (0°, 60°, 120°, 180°, 240°, 300°; 16 trials
each) were interleaved with 32 null trials. Trials followed a fixed
3-s onset asynchrony. Stimulus trials consisted of 2 s image presenta-
tion followed by 1 s fixation, while null trials consisted of fixation only.
Because the m-sequence permits repetitions of elements, null trials
could occur consecutively, introducing variability in the temporal
spacing of task events. Only avatar stimuli were used in the event-
related design.

Visual category localizer

Areduced version of the floc localizer (Stigliani et al. 2015) was used to
assess category selectivity, including faces, bodies, objects, and places.
Stimuli were presented in 14 s blocks separated by 3 s fixation. Each
category was presented 4 times per run. One or 2 runs were collected
depending on participant comfort. Each run consisted of 304 volumes
(5 min 4 s). These data were used solely to define regions of interest
(ROI), and analyses did not depend on equal numbers of runs across
participants.
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The order of runs was fixed across participants and structured to
distribute the main experimental task across the scanning session.
Specifically, the session began with 2 alignment localizer runs (1
avatar and 1 chair), followed by 2 runs of the main perspective-
taking task. A visual category localizer was then acquired, followed
by a second pair of alignment localizer runs (1 chair and 1 avatar),
and 2 additional runs of the perspective-taking task. A second visual
category localizer was optionally collected at the end of the session.
This ordering allowed the main perspective-taking task to be dis-
tributed across the scanning session rather than occurring entirely at
the beginning or end, reducing potential effects of fatigue or adapta-
tion. Because the primary analyses focused on contrasts within the
perspective-taking runs, the fixed run order was unlikely to influence
the main experimental comparisons.

Data analysis

Pre-processing was carried out with fMRIPrep 23.2.1 (Esteban et al.
2019). Functional data were first processed with fMRIPrep, which
applied rigid-body motion correction (MCFLIRT), susceptibility distor-
tion correction using a phase-encoding reversal (PEPOLAR) approach
with TOPUP, and nonlinear spatial normalization to the ICBM-152
(MNI 2009¢) template using ANTs (2 mm isotropic resolution). The
preprocessed 4-D time series from each run were subsequently
imported into BrainVoyager 22.4 for further preprocessing and
statistical analysis. Within BrainVoyager, functional data were
spatially smoothed using a Gaussian kernel (8 mm full-width at
half-maximum) and temporally high-pass filtered using a frequency-
domain (FFT-based) filter with a cutoff of 3 cycles per run, removing
low-frequency signal fluctuations. Statistical models additionally
included 6 rigid-body motion parameters (3 translations and 3
rotations), derived from fMRIPrep outputs, which were incorporated
as nuisance regressors in the design matrix for each run.

For each run a general linear model contained 2 box-car regres-
sors—unaligned and aligned blocks—convolved with BrainVoyager’s
canonical 2-gamma hemodynamic-response function; blank-screen
fixation served as implicit baseline. Run-wise beta estimates were
entered into a random-effects group group-level general linear model
(GLM) across participants. The unaligned > aligned contrast was
thresholded using a voxelwise cluster-forming threshold of P < 0.0001.
To correct for multiple comparisons, cluster-level significance was
determined using BrainVoyager’s Monte Carlo ClusterThresh plugin,
which estimates the spatial smoothness of the statistical map and
computes a minimum cluster extent controlling family-wise error
at P<0.05. This procedure yielded a minimum cluster size of
k>13 contiguous voxels. An identical procedure was applied to
the chair localizer to permit direct comparison across stimulus
categories.

Event-related responses were quantified in functionally defined
ROIs that were first identified with the block-design localizer
(unaligned > aligned contrast; see Results for the full ROI list).
ROIs were defined at the group level based on cluster-corrected
statistical maps (voxelwise P < 0.0001, cluster-level family-wise error
P <0.05; see above). For ROI-based analyses, percent signal change
was extracted using unsmoothed data to preserve spatial specificity
and sensitivity to individual differences. Within each group-defined
ROI, subject-specific voxel selection was performed by identifying the
10 voxels with the highest activation (unaligned > aligned contrast) for
each participant. This procedure allows for anatomical and functional
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Table 1 Locations of activations in the avatar unaligned > aligned contrast.

General location Name (HCP-MMP atlas)

Frontal Midline Supplementary and cingulate eye field
(SCEF) and posterior 32 prime (p32pr)
Areas 6a and frontal eye field (FEF)
Frontal operculum FOP4 and FOP5

LIPv, AIP, MIP, IP2, and 7PC (lateral,
anterior, medial, area 2 intraparietal and
area 7 postcentral)

IPS1 and IPO (intraparietal sulcus area 1

Lateral frontal
Inferior lateral frontal
Posterior parietal

Mid-intraparietal sulcus

and area 0)
Posterior fusiform, LH
Inferior temporal gyrus, RH
Lateral cerebellum Lobule VI
Medial cerebellum Crus I/IL

variability across individuals while maintaining consistency in ROI
localization across subjects.

For each participant the pre-processed, denoised BOLD time-series
(TR=1 s) was segmented from 2 s before to 14 s after every trial
onset, yielding a 17-point vector per trial. In every run, the 32 null
events (fixation only) were extracted with the same window and aver-
aged to produce a run-specific baseline template. Individual stimulus
trials were then converted to percent-signal change on a point-by-
point basis by: %BOLD(f) = % x 100, where s(t) is the raw
signal at time ¢ and b(¢) is the null-trial baseline. Percent-signal time-
courses belonging to the same experimental condition (16 trials/run
x4 runs = 64 trials per condition) were averaged across runs, produc-
ing one condition-specific A%BOLD average per ROI and participant.
These averages were carried forward to group-level statistics reported
in the Results section.

Results
Block-design experiment: avatar

Participants judged the position of a cube relative to an avatar posi-
tioned within a 3D scene. In the aligned condition, the avatar’s view-
point matched that of the participant (ie the back of the avatar was
visible). In the unaligned condition, the avatar faced the participant,
creating a different spatial perspective. A GLM revealed significantly
greater responses in the unaligned compared to the aligned condition
in cortical and cerebellar regions (Table 1; Fig. 2A). These regions
served as ROIs for all subsequent analyses.

Block-design experiment: chair

To assess whether these effects depended on the presence of a social
agent, the same task was performed using a chair as the reference
object. A similar activation pattern was observed (Fig. 2B). ROI anal-
ysis using the regions identified in the avatar experiment showed
significantly greater responses in the unaligned than the aligned con-
dition for all ROIs (all P < 10~3). No additional regions were significant.

Event-related experiment

In a separate experiment, the angular difference between the avatar’s
and the participant’s viewpoint was varied parametrically from
0° to 180° in 60° increments. RT increased systematically with

Short-name  MNI peak voxel Number of voxels
LH/RH LH/RH
SCEF/p32pr 91251 248
6a/FEF —-30-357 30060 283 258
FOP4/5 —33240 36243 245 239
LIP/AIP —42 —45 42 39 —-48 54 382 324
IPS1/1PO —-30-7227 33-69 36 77 81
pFusiform —44 —69 -12 75
ITG 45 -72 -9 73
Cb-LobVI —-39-54-27 36-45-36 73 54
Cb-CrusI/1I -6 —-78 —27 44

rotation angle, with the longest RT at 180° (Fig. 3). Averaging across
symmetric angles (eg 60° and 300°) and fitting a linear model to each
participant’s RT confirmed a significant positive relationship between
angular disparity and RT (1(27)=10.50, P=2.44 x 10~11). The fMRI
response magnitude in all predefined ROIs showed a similar pattern,
varying systematically with rotation angle and closely tracking the RT
profile (Fig. 4). Linear fits to the averaged symmetric angles revealed
significant positive slopes in all ROIs (all P < 10~3), indicating greater
BOLD signal with increasing angular rotation.

Individual differences in RT correlate with fMRI
response magnitude

To examine the relationship between behavioral performance and
neural activity, we tested whether individual differences in RT
were associated with fMRI response magnitude across participants.
For each ROI that had bilateral activations, we averaged left and
right hemisphere responses to reduce the number of comparisons.
We found positive correlations in all ROIs except for the inferior
temporal gyrus (ITG), with false discovery rate correction (Benjamini—
Hochberg) P-values ranging from 0.00001 to 0.03 (Fig. 5). In other
words, when the task required a transformation between the
participant’s perspective and that of the avatar (ie 180°), participants
who took longer to respond also showed greater neural activity. This
suggests that across individuals, the cognitive demands associated
with aligning spatial perspectives were reflected both in behavior
and in the magnitude of the BOLD response.

Visual category responses within perspective-taking
ROIs

To characterize the visual response properties of the regions iden-
tified in the perspective-taking task, we conducted a separate local-
izer experiment using images of faces, bodies, objects, and places.
Importantly, the ROIs examined here were defined independently
using the perspective-alignment localizer (unaligned > aligned) and
were not selected based on visual category responses. Several of
these stimulus classes are potentially relevant to spatial perspective-
taking—not merely as visual features, but as cues related to embodi-
ment (faces, bodies) and spatial context (places). A repeated-measures
analysis-of-variance (ANOVA) was performed for each ROI to test for
a main effect of visual category. Four ROIs showed robust category
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Figure 2 GLM results for the avatar (A) and chair (B) experiments (same slices in both panels).
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Figure 3 RT in the event-related experiment.

differences (P < 0.001; Fig. 6). Bilateral IPS1/IPO responded preferen-
tially to places, consistent with its involvement in processing visual
scenes and spatial layout. The posterior fusiform region in the left
hemisphere showed stronger responses to faces, and the right ITG
responded more strongly to bodies. These results indicate that some
components of the perspective-taking network exhibit differential
sensitivity to particular classes of visual stimuli, although the ROIs
themselves were defined based on perspective-alignment effects.

Discussion

Our findings demonstrate that VPT relies on a distributed network
that is recruited when the observer must bring their own perspective
into register with a reference. Across the cortex and cerebellum, these
regions are more active when alignment is required (unaligned >
aligned) and show parametric sensitivity to the degree of angular
disparity, indicating that they contribute both categorically and in
proportion to the computational demands of reorientation.
Consistent with embodied accounts of perspective-taking, RTs
increased continuously with angular disparity, replicating prior

findings (Surtees et al. 2013b) and indicating that larger perspective
differences require greater cognitive demands. Importantly, fMRI
responses in all predefined ROIs mirrored this effect, showing
significantly positive linear slopes as a function of rotation angle.
These converging behavioral and neural results support an embodied
model in which greater angular disparity requires more extensive
mental simulation of bodily rotation. The graded relationship between
angular disparity and both response times and neural responses
observed here argues against a simple categorical strategy (eg
“same” vs. “opposite”) and instead supports the interpretation that
participants performed a spatial transformation to align perspectives.

A notable feature of the alignment network is the engagement
of SCEF/p32pr along the medial frontal wall (Glasser et al. 2016;
Baker et al. 2018). This region lies at the intersection of supplementary
eye field and dorsal anterior cingulate cortex—SCEF abutting p32pr on
the medial wall—areas classically implicated in oculomotor planning,
response inhibition, and cognitive control when automatic responses
are insufficient (Botvinick et al. 2001; Amiez and Petrides 2009;
Shenhav et al. 2013; Stuphorn 2015). Its stronger activation for
unaligned relative to aligned perspectives, along with parametric
sensitivity to angular rotation, suggests that SCEF/p32pr plays a
key role in detecting representational conflict between self and
reference perspectives (Botvinick et al. 2001; Shenhav et al. 2013;
Beldzik et al. 2015). In this view, SCEF/p32pr functions as a control
node, monitoring when perspectives diverge and engaging premotor
and parietal regions to implement the embodied transformation
that brings viewpoints into register—a pattern consistent with
the well-established frontoparietal oculomotor/control network
(Stuphorn et al. 2000; Grosbras et al. 2005; Jamadar et al. 2013; Jarvstad
and Gilchrist 2019; Ruehl et al. 2021).

The bilateral frontal operculum (FOP4/5) also emerged as part of
the alignment network. Opercular regions are often linked to the
integration of sensorimotor and interoceptive signals (Critchley et al.
2004; zu Eulenburg et al. 2013), supporting awareness of bodily state
and the updating of action representations. Their activation dur-
ing unaligned relative to aligned perspectives suggests that FOP4/5
may contribute to the embodied component of alignment, potentially
reflecting the integration of motor simulation with representations
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Figure 4 FMRI response magnitude as a function of rotation for each ROI
in the event-related experiment.

of the body schema. In particular, when the self must be mentally
rotated into another’s perspective, opercular engagement may reflect
the recruitment of somatosensory and visceral signals that ground the
transformation in bodily terms. This interpretation is consistent with
evidence that the operculum participates in action planning and the
monitoring of sensorimotor states (Ullsperger et al. 2010; Klein et al.
2013; Amiez et al. 2016; Quirmbach and Limanowski 2022). Within

the broader alignment network identified here, FOP4/5 may therefore
play a role in supporting body transformation processes.

Beyond these medial and lateral frontal contributions, posterior
parietal regions including LIP/AIP and IPS1/IPO exhibited alignment-
related activity. These regions are well known for their role in spatial
mapping and visuomotor transformations (Colby and Goldberg 1999;
Murata et al. 2000; Andersen and Buneo 2002), and here they appear
to compute the spatial demands of perspective reorientation. Their
place selectivity (IPS1/IPO) suggests that alignment is grounded in
environmental structure, anchoring transformations to scene-based
spatial coding (Swisher et al. 2007; Baldassano et al. 2016; Silson et al.
2016; Mackey et al. 2017). At the same time, ventral temporal regions
including pFusiform and ITG were engaged, but not simply because
faces and bodies were present in the stimuli. Instead, we interpret
their recruitment as reflecting the embodied aspect of alignment with
an agent, where face- and body-selective representations provide the
orientation and posture information necessary to simulate another’s
viewpoint (Schwarzlose et al. 2005; Taylor et al. 2007; Ewbank and
Andrews 2008; Cross et al. 2010; Ramirez et al. 2014).

The cerebellum (Iobule VI, Crus I/II) formed a complementary com-
ponent of the alignment network, consistent with reports that VI/Crus
I is engaged during spatial transformations such as mental rotation
(Stoodley et al. 2012). Its engagement is consistent with a predictive
role in simulating the dynamics of rotation, including timing and
forward modeling of the transformation process (Ivry and Keele 1989;
Wolpert et al. 1998; Ito 2008; Tanaka et al. 2020). Together with fronto-
parietal cortex, the cerebellum likely provides predictive cerebro-
cerebellar signals about the effort and trajectory of the mental shift, in
line with known Crus I/IT coupling to prefrontal and parietal control
networks (Buckner et al. 2011; Guell et al. 2018; Habas 2021).

The behavioral and neural patterns observed here also bear strong
resemblance to classic findings from the mental rotation literature.
In the original studies (Shepard and Metzler 1971), RTs increased
linearly with the angular disparity between objects, suggesting that
participants mentally rotated internal representations to align them.
Neuroimaging studies of mental rotation similarly report activity in
superior parietal regions that scales with rotation angle (Zacks 2008;
Gogos et al. 2010). The present findings parallel these results in that
both RTs and fMRI responses varied systematically with angular
disparity. However, an important conceptual distinction is that in
mental rotation tasks the orientation of an external object is trans-
formed while the observer’s viewpoint remains fixed, whereas in
spatial perspective-taking the objects in the scene remain fixed and the
observer’s viewpoint is mentally rotated. Neuroimaging studies have
suggested that these egocentric perspective transformations engage
partially distinct neural processes from those involved in object-based
rotations (Zacks et al. 2003). Thus, the current results are consistent
with the idea that perspective-taking engages computational mecha-
nisms related to mental rotation, but applied to transformations of the
observer’s own spatial reference frame.

Importantly, individual differences in perspective-taking behavior
were closely tied to neural responses. Participants who took longer to
respond in the most demanding (180°) condition also showed greater
BOLD responses in nearly all ROIs. These correlations were absent
in the 0° condition, where no transformation was required. This
coupling between behavior and brain activity further supports the
interpretation that the identified regions are not merely co-activated
by the task but are actively engaged in supporting the transformation
process.
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Figure 5 The relationship between individual differences in fMRI response for the 180-deg condition and RT in the 180-deg condition. P-values shown
are Benjamini-Hochberg false discovery rate corrected across ROIs. To simplify analyses, corresponding left and right hemisphere ROIs were averaged,

when possible. Significant correlations were observed in all ROIs except in ventral-temporal visual processing areas, ITG and pFusiform.

Finally, although the avatar condition may have evoked social
perspective-taking processes, nearly identical patterns of activation
were observed when participants imagined taking the perspective
of an inanimate chair. Each of the regions identified in the avatar
condition also showed significantly greater activity for unaligned
versus aligned blocks in the chair condition, and no additional regions
emerged in either case. This suggests that the core computations
required for spatial perspective-taking are not dependent on social
context per se. Consistent with behavioral evidence, a familiar,
interactive directional cue (eg a chair) facilitates perspective taking
as much as an avatar, whereas a purely directional arrow does not—
directionality alone is insufficient, while interactivity/familiarity is
sufficient (Gunalp et al. 2019).

Although the present study focused on adult participants, these
findings may also inform our understanding of the development

of VPT. Behavioral work suggests that the more demanding forms
of perspective-taking that require mentally transforming one’s
own viewpoint—often referred to as Level-2 perspective-taking—
emerge around age 4 (Newcombe and Huttenlocher 1992; Frick
et al. 2014) and continue to improve throughout middle childhood
(Surtees and Apperly 2012) and even into adolescence and young
adulthood (Dumontheil et al. 2010). The distributed network identified
here, encompassing medial frontal, premotor, and posterior parietal
regions, may therefore reflect neural mechanisms that support these
spatial transformation processes. Future work examining how this
network develops over childhood may provide important insight into
how children acquire the ability to flexibly align their perspective
with that of others.

Taken together, these results suggest that perspective alignment
is not a unitary operation but a distributed, content-sensitive
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Figure 6 There is significant visual category selectivity for places in IPS1/IPO, faces in pFusiform, and bodies in ITG.

computation. A core scaffold in medial frontal, premotor, and parietal
cortex performs the generic computation of reorientation; opercular
and ventral temporal regions provide embodied and socially relevant
inputs tied to body schema; and the cerebellum contributes predictive
modeling of the transformation dynamics. This framework highlights
how alignment emerges from the interaction of domain-general
control and simulation systems with content-specific perceptual
representations, providing an integrated account of the neural
mechanisms that support VPT.
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