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Highlights

» Oscillatory basis of embodied perspective-takingstigated using MEG

* We replicate the crucial role of theta-band (3-6blgillations in perspective-taking
» Theta power localised to right temporo-parietakjion (rTPJ), lateral PFC and ACC
* Lateral PFC and ACC exert top-down influence (Geargausality) over rTPJ

* rTPJincreases its theta-band phase coupling téalimng and body schema networks

Abstract

Mentally imagining another’s perspective is a highel social process, reliant on
manipulating internal representations of the sedin embodied manner. Recently Wang et
al. (2016) showed that theta-band (3-7Hz) brainllagons within the right temporo-parietal
junction (rTPJ) and brain regions coding for mdiody schema contribute to the process of
perspective-taking. Using a similar paradigm, weose to unravel the extended functional
brain network in detail. Increasing the angle betmwvself and other perspective was
accompanied by longer reaction times and increasteta power within rTPJ, right lateral
pre-frontal cortex (PFC) and right anterior cingaleortex (ACC). Using Granger-causality,
we showed that lateral PFC and ACC exert top-daviloence over rTPJ, indicative of
executive control processes required for managamdlicts between self and other
perspectives. Finally, we quantified patterns oblgHorain phase coupling in relation to the
rTPJ. Results suggest that rTPJ increases its lagic phase synchrony with brain regions
involved in mentalizing and regions coding for métody schema; whilst decreasing
synchrony to visual regions. Implications for neaggnitive models are discussed, and it is
proposed that rTPJ acts as a ‘hub’ to route bottpmisual information to internal

representations of the self during perspectiveagakto-ordinated by theta-band oscillations.
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Introduction

Humans possess highly developed social skillsahatv us to imagine what others might be
experiencing, thinking or feeling to an extent sloared by other species (Tomasello et al.
2005). The question of what separates us from @hecies has been the subject of
substantial research in comparative psychologycagditive neuroscience, and while
significant headway has been made with respecthtt gkills make us special (Call and
Tomasello 1999; Povinelli et al. 2000; Frith an@l2007) and which parts of our brain
have evolved to cope with sophisticated “mentadjzime., reading of others’ minds
(Lieberman 2007; Van Overwalle and Baetens 2008gmbess is known about the actual
brain network dynamics that implement these sakidlls. Here we set out to investigate the
large-scale, distributed but synchronised neur@iacthat gives rise to a person’s
understanding of another’s visuospatial experieri¢dbe world: a process termed perspective

taking.

Mentally imagining another’s perspective is a highel social process, but recent
behavioural experiments suggest that perspectkiagas still grounded in the cortical
posture and action representations of the obsdoaeng posture manipulations, several
studies (Kessler and Rutherford 2010; Kessler arahison 2010; Surtees et al. 2013; Wang
et al. 2016; Gooding-Williams et al. 2017) havewhahat perspective-taking engages large
parts of the neuronal bases of the body schemaheeortical correlates of the internal
representation of the body (Coslett et al. 2008k et al. 2009), in the form of a simulated

rotation of the embodied self into another’s oratioin and perspective (Kessler and
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Thomson 2010; Surtees et al. 2013; Wang et al. 20i6ther words, humans literally “put

themselves” into another’s viewpoint to understtredr perspective.

Note that such embodied perspective-taking mustisienguished from so-called perspective
tracking While both processes involve judgements abouth&ns perspective, perspective-
tracking, in contrast to perspective-taking, merelyuires an observer to understand what
another can or cannot perceive (e.g. what is oedwhd what is visible to them). The two
forms of perspective processing have been relatéedferent developmental stages (Flavell
et al. 1981; Gzesh and Surber 1985; Moll and Totta2606)

(perspective-tracking: ~2 years; perspective-takidg5 years) and perspective-tracking, in
contrast to perspective-taking, has been observether species such as apes and corvids
(Bugnyar et al. 2004; Brauer et al. 2007). Finalijle perspective-taking engages an
embodied mental rotation of the self into anotherésvpoint, perspective-tracking seems to
rely on inferring another’s line of sight, in othe@ords, whether their line of sight towards a
target is disrupted or not (Zacks and Michelon 20G&ssler and Rutherford 2010; Wang et

al. 2016).

The neural correlates of embodied simulation dupeggspective-taking were recently
investigated by Wang et al. (2016) using Magnetephalography (MEG, Expt. 1) and
converging effects were found in the right postet@mporo-parietal junction (pTPJ) for
cognitive effort of perspective-taking (amount afyalar disparity between self vs. other’s
viewpoint) and for embodied processing (posturegooence) during perspective-taking (but
not for tracking). The crucial role of right pTRaf perspective-taking was further confirmed
via transcranial magnetic stimulation (TMS) inteefece (Wang et al. 2016). The authors

further reported that low frequency theta oscitiasi (3-7 Hz) were the prominent neural
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code in pTPJ, whilst Gooding-Williams et al. (20Lggd repetitive TMS entrainment over
pTPJ to show that TMS pulses administered at thetmency (6Hz) accelerated perspective-
taking, while alpha (10Hz) entrainment slowed pecsipe-taking down. TPJ-theta could
therefore be the relevant neural frequency to engb&se-coupling within a wider

mentalizing network.

These results build upon a perspective-taking Ef@yswhich found an evoked component
at 450ms, localised primarily to the right TPJ (Me€y et al. 2011). Furthermore, they are
consistent with the neural correlates of perspediking reported using fMRI — two meta-
analyses (Van Overwalle 2009, 2011) have suggéiséedhe core areas of activation include
bilateral TPJ and ventro-medial pre-frontal corfexPFC). The posterior division of the TPJ
(Igelstrom and Graziano 2014; Bzdok et al. 2013)articular, has been reliably linked to
perspective-taking and more generally to “mentagizi(representing other’'s mental states)
(Van Overwalle 2011; Schurz et al. 2013), as wellcaso-called spontaneous “out-of-body
experiences” (OBE) (Blanke et al. 2005). DuringCGBE individuals experience the
sensation that the self has moved to a differepsiphl location than their body, and this
sensation often entails a translation as well m¢ation of perspective, similar to a deliberate
perspective transformation during perspective-gkkessler and Braithwaite 2016). The
involvement of TPJ in OBEs (Blanke et al. 20059fismportance, as it corroborates the
proposed link between embodied processing and leigi-social mentalizing in TPJ (Blanke

et al. 2005; Lombardo et al. 2010; Kessler andtBvaite 2016; Wang et al. 2016).

Whilst the TPJ is clearly important for embodiedgessing and perspective-taking, the
region is also implicated in a range of cognitipe@tions, including spatial attention, social

cognition and self/other distinctions. It has beaggested that more generally, the region
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acts as a major hub for information integratiore($trom and Graziano 2017.; Eddy 2016),
especially during higher-level cognitive processdging upon internal representations, such
as perspective-taking (Igelstrom and Graziano 2@Eddy 2016; Wang et al. 2016;
Gooding-Williams et al. 2017). Indeed, the TPJ édensive functional connectivity to

many networks of the brain, including the fronta#ptal control (Vincent et al. 2008),

default mode (Mars et al. 2012), and ventral aitb@metworks (Bzdok et al. 2013). We
therefore hypothesised that the TPJ contributéiset@rocess of embodied transformation
through changes in patterns of whole-brain fun@i@onnectivity, via theta-band synchrony,
as would be predicted from the region’s role astavark hub (lgelstrom and Graziano
2017.; Carter and Huettel 2013; Eddy 2016). Howewestigations of perspective-taking
using connectivity analysis, e.g. in form of fregag-specific phase-coupling, are scarce. To
our knowledge, only one study to date (Bogels .€2@15) has reported enhanced theta
phase-coherence between right TPJ and ventrom@eiabntal cortex (vmPFC) in a
condition that required participants to imaginetards visual experience. The major aim of
the current study was therefore to consolidatectheial role of pTPJ theta oscillations in

perspective-taking by means of advanced network/ses

In addition to the TPJ, Wang et al., reported iases in theta-band power for the lateral PFC
during the cognitive effort of perspective-takiygdng et al. 2016). Activity within this

region during social cognition has been argueefiect high-level reasoning and working
memory processes recruited more generally duringpéex perspective-taking and
mentalizing tasks (Van Overwalle 2011). Howeveer¢his emerging evidence that frontal
activity in lateral PFC but also in the anteriangulate cortex (ACC) could play a more
nuanced role in perspective-taking by managingtmdlict between self and other

perspectives (Samson et al. 2005; Bogels et ab;28artwright et al. 2015). For example
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(McCleery et al. 2011) found late a (0.8-1.0s) fabevoked response during perspective-
taking dependent on whether self perspective wasistent with an avatar’s perspective . In
terms of theta-oscillations, this could potentiattgnifest as a direct connection between
lateral PFC and the core mentalizing network (B&gelal. 2015) in TPJ and vmPFC (Van
Overwalle 2009, 2011). We were therefore interestedhether the TPJ becomes
functionally connected to various frontal and méliregions during perspective-taking

(Hartwright et al. 2015), and crucially determinithg direction of this connectivity.

In conclusion, we set out to consolidate previongifgs regarding the crucial role of TPJ
theta oscillations for generating the abstractaaepresentations required for perspective-
taking (Bogels et al. 2015; Wang et al. 2016; GogdVilliams et al. 2017), while
unravelling in detail the involved functional netskan terms of dynamic oscillatory
coupling between brain areas, using MEG. Baseth@rdnsiderations above, we expected
TPJ and (vymPFC to form a mentalizing network syoolsed via theta oscillations, related
to generating the abstract representation of anistherspective, while activation in parietal
body-schema areas and sensorimotor cortex wolkttehe required embodied
transformation to generate this representatiomotition of the egocentric perspective
(Kessler and Rutherford 2010; Kessler and Thom&d®2Surtees et al. 2013). In addition,
pPACC and IPFC might play key roles in top-down exae control of the underlying
embodied transformation and in managing the cdrisitween physical self and transformed

self at the representational level.

Materials and M ethods

Participants



170  Data were collected from 18 participants (4 madefelnale, mean age = 27.55, SD = 5.86).
171 All participants had normal or corrected to norwialon and no history of neurological or
172 psychiatric iliness. All experimental proceduresnglied with the Declaration of Helsinki
173 and were approved by the Aston University, Depantnoé Life & Health Sciences ethics
174  committee. Written consent was obtained from attip@ants.

175

176  Experimental Paradigm and Design

177  The paradigm was adopted from a behavioural stydydssler and Rutherford (2010). The
178  stimuli were coloured photographs (resolution i24.& 768 pixels), showing an avatar

179 seated at a round table shown from one of fouriplesangular disparities (see Fig. 1, left:
180 60°, 160° clockwise and anticlockwise). In eachltoine of the grey spheres on the table
181 turned red indicating this sphere as the targeimRhe avatar's viewpoint, the target could be
182  either visible or occluded (VO) by a centrally netssl black screen; or to the left or to the
183  right (LR) inducing perspective-tracking or pergpestaking, respectively. Stimuli were
184  presented in 12 mini-blocks of 32 trials, alterngtbetween LR and VO conditions. On each
185 trial participants were asked to make a targettiongudgement according to the avatar's
186  perspective by pressing the instructed key on alcMBmpatible response pad: the left key
187  for “left” or “visible” targets from the avatar’'sewpoint and the right key for “right” or

188  “occluded” targets. Accuracy feedback was providitdr each trial in the form of a short
189 tone. As in Kessler and Rutherford (2010), we @déd across clockwise and anticlockwise
190 disparities, and separately collapsed correct resgfor left and right and visible and

191  occluded, respectively. This resulted in four sefmexperimental conditions (for two

192 examples see Fig. 1, left): left/right judgementere the avatar is 186om own

193  perspective (LR-160); left-/right judgements whire avatar is 60from own perspective

194  (LR-60); visible/occluded judgments where the aviad 60 from own perspective (VO-
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160); visible/occluded judgments where the avat®d from own perspective (VO-60).

This 2x2 design allowed us to disentangle perspedtiking from perspective-tracking and
investigate the effect of an increased angle qiatisy (we chose to use 160° vs. 60° based
on the results of Wang et al., 2016), between@&i§pective and other-perspective, which
has been shown to lengthen reaction times duringppetive-taking (Kessler and Rutherford

2010; Surtees et al. 2013).

Behavioural Data Analysis

Behavioural reaction times (RT) from the experinaéptiradigm were extracted from E-
Prime® data files and converted.tsvformat. Data from two participants with MEG
movement over 5mm was discarded. All trials comtgmncorrect answers or response times
greater than 2 standard deviations from the med&re excluded from subsequent analyses.
For the four experimental conditions (LR-160; LR-8®-160; VO-60), median RT from

each participant were entered into a one-way ANQMAg the JASP statistics package.

MEG and Structural MRI Acquisition

MEG data were acquired using a 306-channel Neurdv#ta@ scanner (Vectorview, Elekta,
Finland) made up of 102 triplets of two orthogoplainar gradiometers and one
magnetometer. All recordings were performed insigeagnetically shielded room at a
sampling rate of 1000Hz. Five head position inaic@tiPl) coils were applied for
continuous head position tracking, and visualisestjacquisition using an in-house Matlab
script. Two participants had excessive head move&mm), and were excluded from
subsequent analyses. For MEG-MRI coregistratiopgaes three fiducial points, the
locations of the HPI coils and 300-500 points fribra head surface were acquired using the

integrated Polhemus Fastrak digitizer. Visual stinvere presented on a projection screen

10
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located 86cm from participants, and auditory fee#tlithrough MEG-compatible
headphones. Data acquisition was broken down imeetsequential runs, each lasting 8-10

minutes.

A structural T1 brain scan was acquired for sowecenstruction using a Siemens
MAGNETOM Trio 3T scanner with a 32-channel head €bE=2.18ms, TR=2300ms,
T1=1100ms, flip angle=9°, 192 or 208 slices deprgadin head size, voxel-size =

0.8x0.8x0.8cm).

MEG Preprocessing

All MEG data were pre-processed using Maxfiltem(p®ral signal space separation, .96
correlation), which supresses external source®igerfrom outside the head (Taulu and
Simola 2006). To compensate for head movement leetwens, data from runs 2 and 3 were
transformed to participant’s head position at tiaet ©f the first block using thetransoption

of Maxfilter. For each participant, the entire reting was band-pass filtered between 0.5-
250Hz (Butterworth filter) and band-stop filteredremove residual 50Hz power-line
contamination and its harmonics. Data were therlegdinto segments of 2500ms (1000ms
pre, 1500post stimulus onset) and each trial wasedeed and detrended. Trials containing
artefacts (SQUID jumps, eye-blinks, head movemerte removed by visual inspection,
resulting in removal of an average of 6.14% ofl$ri@er condition, per participant (additional
descriptive statistics reported in Table S1). Famrser-level analyses, ICA was used to
identify and reduce residual EOG and ECG artef&aar MEG channels containing large
amounts of non-physiological noise were removethfatl source-level analyses. The pre-
processed data were then separated into the fperiexental conditions and downsampled

to 250Hz to aid computation time.

11
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MEG-MRI Coregistration

MEG data were co-registered with participants’ TRIMtructural scan by matching the
digitised head shape data with surface data frenstituctural scan (Jenkinson and Smith
2001). Subsequently, the aligned MRI-MEG image used to create (i) a forward model
based on a single-shell description of the inneflase of the skull (Nolte 2003), using the
segmentation function in SPM8 and (ii) spatial nalisation parameters to create individual
volumetric grids. To facilitate group analysis, le@dividual volumetric grid was warped to
a template based on the MNI brain (8mm resolutiSapsequently the inverse of the

normalisation parameters were applied to the tet@mgjad, for source analysis.

Sensor Level Analysis

Sensor-level time-frequency representations (TRRse calculated using a single Hanning
taper between frequencies of 1-30Hz in steps of THe entire 2500ms epoch was used,
with a sliding window of 500ms, but the first 250arsd last 500ms of each trial were
discarded to avoid edge artefacts. Due to diffeseates between the two MEG sensor-types,
only data from the gradiometers were used, with peRer averaged across each pair post-
hoc. All analyses were computed on single trials subsequently averaged, and therefore
TFRs contain both phase-locked (evoked) and noseplocked (induced) information. As
hypothesised from previous research using a sirpdaadigm (Wang et al. 2016), TFR
responses averaged across subjects showed prordifiergnces between conditions within

the theta-band (2-7Hz).

For statistical testing, we therefore comparedatteind (2-7Hz), alpha (8-12Hz) and beta

(13-30Hz) power during trials in which the avatarsi 66 versus 68from the participant’s

12
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own perspective (clockwise or anticlockwise), intbleft/right judgements (i.e. perspective-
taking), and visible/occluded judgements (i.e. pective-tracking). We corrected for
multiple comparisons across time, frequency andespi cluster-based non-parametric
permutation testing (Maris and Oostenveld 20075uRe showed a significant cluster of
greater (3-6Hz) theta-band power at 0-650ms irL&Rd.60 versus LR-60 condition

(highlighted in Fig S1, left), but not for VO-168.WO-60, (Fig. S1, right).

MEG Source-Level

Source localisation was conducted using Dynamioalging of Coherent Sources (Gross et
al. 2001) (DICS) which applies a spatial filterth@ MEG data at every voxel of a canonical
0.8 cm brain-grid, in order to maximise signal frdmat location whilst attenuating signals
elsewhere. The spatial filter was calculated fromdross-spectral densities for a time—
frequency tile centred on the effects found at selevel (3-6Hz; 0-650ms; gradiometer
channels only; see Fig. 1, top-right; Supplemeniagyre S1). For all analyses, a common
filter across baseline and active periods was aséda regularisation parameter of lambda
5% was applied. Cluster-based non-parametric pationttesting was used to correct for
multiple comparisons across voxels (Maris and Oo&tlel 2007), for the LR-160>LR-60
and VO-160>V0O-60 contrasts. The resulting wholarbssatistical maps were spatially
smoothed using a robust smoothing algorithm (G&0kD) as implemented in bspmview,
and presented on a 3D cortical mesh using the @ome Workbench software (Van Essen
et al. 2012). Using the spatial filters computedrpsource analysis, we extracted trial-by-
trial time-courses from three regions of interastshown in Fig. 2A, using the MNI co-

ordinates with the highest t-value within each oediTable S3).

Granger Causality Analysis

13
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The directed functional connectivity between thitsee ROIs was estimated using
spectrally-resolved non-parametric Granger cays@hamala et al. 2008) as implemented
in the Fieldtrip toolbox (Oostenveld et al. 201dfact and scrambled time-series were split
into 0.325s epochs to enhance the accuracy oethdts (0-0.65s post stimulus onset),
followed by Fourier transformation (Hanning tap&fz spectral smoothing), before being
entered into a non-parametric spectral matrix f@&sation procedure. Granger causality was
then estimated between each ROI pair and each B@fbled time-series. Statistical
analysis was performed using cluster-based permntasting (Maris and Oostenveld
2007). Granger causal influence between two rediar& B) was deemed significant if
values were i) significantly greater than scramilath (p<.05) and ii) significantly greater in

one direction than another (i.e. A-to-B versus BAi@<.05).

Theta-band Imaginary Coherence

To estimate patterns of whole-brain connectivitgmarting high-level perspective taking,
mediated by the right TPJ, we quantified theta-baimase synchrony during LR-160 trials
compared with LR-60 trials. A complex-valued spaicéstimate at 5+2Hz for each grid-
point was estimated using an adaptive spatial fitee ‘PCC’ method, as implemented in
ft_sourceanalysigOostenveld et al. 2010)]. Coherence was usedaotdy the phase
consistency between a seed region in TPJ (MNI dates [40 -58 36]) and every other
voxel of the canonical 0.8 cm brain-grid, usfhgconnectivityanalysi@Oostenveld et al.
2010). Coherence values are normalised to range @r(no phase synchrony) to 1
(completely phase synchronised). We opted to projeccomplex-valued coherency
estimates onto the imaginary axis, as suggestétblig et al., (Nolte et al. 2004). This
removes estimates of instantaneous phase, thezdhging the influence of spurious

connectivity resulting from MEG field spread (No#tal. 2004), but comes at the expense of

14
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removing genuine connectivity at zero-lag. Furithetails on the quantification of
“imaginary coherence” can be found elsewhere (Neatli@l. 2004; Oostenveld et al. 2010).
Whole-brain coherence maps from LR-160 and LR-&lstwere baseline-corrected and
compared using cluster-based permutation-testimgnglemented in the Fieldtrip toolbox
(Oostenveld et al. 2010). The resulting whole-bsatistical maps were spatially smoothed
using a robust smoothing algorithm (Garcia 2010yrademented in bspmview, and
presented on a 3D cortical mesh using the ConnecWarkbench software (Van Essen et

al. 2012).

Supplementary Methods and Analysis Code
Additional details are provided in SI Materials dfidthods. MATLAB code for all analyses
is openly available online at

https://github.com/neurofractal/perspective_takwegillatory networks (Seymour 2017).

Results

Behavioural Results

For the four experimental conditions, median reactimes (RT) from each participant were
entered into a one-way ANOVA (output detailed irblEaS2). Results showed a main effect
of experimental condition on RT, F(3,60) = 4.43,487,1n? = 0.181. Post-hoc tests revealed
this was due to significantly longer RT for the I1BO conditions compared with all other
conditions (LR-60, fkey= .013; VO-160, pkey= -029; VO-60, prey= .026), replicating

Kessler and Rutherford (2010). The raw statisticdput is reported in Table S2.

15
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Theta 3-6Hz; 0-650ms post-stimulus onset

i_: Y 9

LR-1bU > LK-bU VO-1é0_$ VO-60

“left or right?”

pJeH o097 = 18busel
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(‘.i’, *
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()]
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o ola

m % o

m \ 4
< -

LR-160 LR-60 VO-160 VO-60
“visible or occluded?” “left or right?” “visible or occluded?”

Figure 1.Left: Experimental paradigm (Kessler and Ruthelf2010) showing two example
stimuli (see Materials and Methods for details)ttBm right: Boxplot of participants’ (N =
16, 2 participants removed with excess head movemeadian reaction time (RT) in
milliseconds for the two angular disparity condiisa(160 vs. 60) of perspective-taking (L/R)
and perspective-tracking (V/O), respectively. * R-IL60 is significantly different from all
other conditions (p<.05). Top right: Sensor-lewgdplots of theta activity (3-6Hz), showing
a significant cluster (high visibility) for perspgae-taking but not for perspective-tracking

(further details in Materials and Methods and sepmntary information).

Task-Related Changes in Theta Power

Using a data-driven approach from 2-30Hz, timedetty results at the sensor-level (see
Fig. 1 and Fig. S1) replicated the crucial roléhafta oscillations in perspective-taking
(Wang et al. 2016; Gooding-Williams et al. 2017)significant positive cluster (p=0.03) was

found at 3-6Hz, 0-650ms, when comparing angulgratises of 160 and 60 degrees for
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the L/R task. No significant effects were found &ory other frequencies (p>.05). In addition,
no significant clusters were found for the V/O task perspective-tracking in the VO-160 vs

VO-60 contrast.

[Inline supplementary material - Insert Figure ®te

Based on these sensor-level data, which replicatpre@vious study (Wang et al., 2016), we
decided to concentrate on further characterisietptband power and connectivity
underlying perspective-taking. Whilst a wider freqay range, that also included higher
delta frequencies, has been used to define thetdb@aver in previous studies (Wang et al.
2016), we opted to use 3-6Hz, based on the statistnalysis of the sensor-level data in

order to achieve the best signal-to-noise ratictdrsequent beamforming analyses.

To investigate the cortical sources underlying #fiect of angular disparity, theta-band (3-
6Hz) power was localised from 0-650ms post-stimoluset separately for 160° and 60°
trials, using the Dynamic Imaging of Coherent Sear(DICS) approach (see Materials and
Methods). Baseline-corrected theta (3-6Hz) powes eaampared for LR-160 versus LR-60
trials and VO-160 versus VO-60 trials across ar.8ortical grid (Fig. 2A; Supplementary
Table S3). Results showed a significant (Maris @odtenveld 2007) (p<.05) increase in
theta power during LR-160 trials compared with L&tGals for right posterior temporo-
parietal junction (pTPJ) spreading into the intarigtal sulcus (IPS), for right lateral pre-
frontal cortex (PFC) primarily overlapping with thderior frontal gyrus (IFG) and for right
anterior cingulate cortex (ACC). There was als@eréase in theta power in the LR-160

versus LR-60 condition in the left frontal pole bla S3).
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For perspective-tracking (VO-task), there wereeases in theta-power, compared with pre-

trial baseline, within ventral occipital and tempqguarietal regions (Fig. S2). However, the

VO-160 > VO-60 contrast showed no significant aust(Fig. S3), indicating that angular

disparity (160° versus 60°) only resulted in taskated increases in theta-band power for

high-level perspective-taking and not for perspectracking.
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Figure 2: Theta power sources and directed connectivityePamepicts brain plots

showing statistical results (clusters with p<.0& sinown) of a whole-brain DICS theta power

(3-6Hz) analysis for LR-160 > LR-60 contrast vissedl using the Connectome Workbench

software (Van Essen et al. 2012) (see Table S& tmmplete list of power sources). Plots at

the top show time-frequency representations (LR-1&&-60 contrast) for three virtual
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electrodes (VE) placed in right ACC (MNI co-ordiest [12, 36, 28]), right TPJ (MNI co-
ordinates [40 -58 36]) and right lateral PFC (MNtardinates: [52,32,16]). Panel B shows
spectrally resolved non-parametric Granger caysdli#tOHz), computed between the right
TPJ and (A) right ACC and (B) right lateral PFCspectively. Results show an increase in
Granger causality from both the right ACC (1-10tmny right PFC (1-5Hz) to the right TPJ.
Shaded regions around each line represent 95%demak intervals. The black dotted line
above the plots represents Granger causality valagsing a p<.05 threshold (see Methods
for details). The grey dotted line in the plotswhshuffled data for comparison. Further

explanations in the text.

[Inline supplementary material - insert Figuresa®® S3 here]

Virtual Electrode Time-Frequency Analysis

To further investigate the oscillatory signaturésigh-level perspective-taking, time-courses
for each trial were extracted from ‘virtual-eleces’ in right TPJ, right ACC and right lateral
PFC (see Materials & Methods for details). Low-fregcy oscillatory power was then
estimated between -0.65 to 0.65s post-stimulugyusidanning taper, 0.05s sliding window.
Results show very early and sustained theta pd8véHg) increases in the right TPJ (0-0.5s)
for LR-160 versus LR-60 trials. Right lateral PF€ltd/theta power (1-5Hz) and right ACC
(1-5Hz) increases are more transient and begin @@9.5s post-stimulus onset. This
suggests that the rTPJ is engaged throughout tdoegs of embodied perspective-taking,

whereas increases in theta power ACC and PFC ¢ateirand more transiently.

Granger Causality Analysis
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To investigate directed functional connectivity idgrperspective-taking between the three
main regions of interest (ROIs) identified in tloeaisce power analysis (rTPJ, rACC and
rPFC), we employed spectrally resolved non-pardmétranger causality (GC) on LR trials
(0-0.65s post-stimulus onset) (Dhamala et al. 2088) is a statistical concept used to
estimate directed connectivity between time-sendsch relies on the premise that if the
time-series of regioA can be used to predicts the time-series of reBjdhenA is said to
‘granger-causeB (Ding Mingzhou et al. 2006). GC can also be exéehi the frequency
domain (discussed further in (Bastos and Schoff2(6). Spectrally-resolved GC therefore
provides information about the direction of connatst between regions of interest, as well

as the frequency-band underlying the effects.

Between the three ROIs, GC values showed stafigtgignificant differences from fourier-
scrambled time-series in two pairs: rTPJ-rACC ardJrPFC (Maris and Oostenveld 2007).
To investigate these effects further, we statil{icammpared GC values between each
direction of the ROI pair (i.e. the granger causfilence to and from the rTPJ). Results
showed an asymmetric increase in granger causaémde, directed from right ACC
between 1-10Hz, with a peak at 6Hz, (Fig. 2B, p8)@hd right PFC, between 1-6Hz, (Fig

2B, p=.04) to the right TPJ.

Imaginary Coherence

Phase-synchronised neural activity has been arguact as a mechanism for information
flow between brain regions during cognitive task&(elsdorf et al. 2007). Measures of
phase synchrony (e.g. coherence) can thereforedarovformation about changes in brain
connectivity within a particular frequency band.viver unlike GC, coherency alone does

not provide information about the direction of centivity.
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To establish patterns of whole-brain functionalmectivity accompanying right-hemisphere
TPJ theta-band activity, we extracted source-léhwetla-band (b2 Hz) phase relationships
from the sensor-level cross-spectral density mésee Materials and Methods). A measure
of phase synchrony between a right-TPJ seed ang etleer voxel was calculated by
projecting complex-valued coherency onto the imagiraxis (Nolte et al. 2004). The
resulting coherency maps from the LR-160 and LR:@tditions were first baseline-
corrected, and then compared using cluster-basega@metric permutation testing (Maris

and Oostenveld 2007).

Left Hemisphere Right Hemisphere

Supramarginal

Intra-parietal Gyrus/
Sulcus/ SMC
PPC
. Ventral Visual . ,
Left Anterior enSrtz;learlsua Right Posterior
Temporal Lobe Cingulate Cortex

(ATL)

Left Posterior

Cingulate _
Cortex/ Medial
SMA PFC

g E (PCC)
Ventral Visual

Stream / VOTC
3.1

-4.6 0
S

t-value

Figure 3: Results of a whole-brain imaginary coherence amsin relation to a right TPJ
seed (white circle) and for a LR-160 > LR-60 costiyaisualised using the Connectome

Workbench software (Van Essen et al. 2012) (seéeTadb for a complete list of sources and
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459  associated p-values). Clusters of coherency inefdasrease passing a p<.05 threshold are
460 shown (see Material and Methods). PPC = posteaoefal cortex; SMC = sensorimotor
461  cortex; SMA = supplementary motor area; PFC = prefl cortex; VOTC = ventral

462  occipitotemporal cortex.

463

464  Results (Fig. 3) show a complex pattern of botheased and decreased theta-band phase
465  synchrony during embodied perspective-taking. Thérareas of decreased synchrony are
466 located in the ventral occipitotemporal cortex (MOToverlapping with key regions of the
467  ventral visual stream. There were also reductionzhase synchrony to the bilateral anterior
468 temporal lobes (ATL). Increased phase synchronyofkasrved in bilateral medial PFC

469  regions, posterior cingulate cortex (PCC), intragdal sulcus (IPS), supplementary motor
470 area (SMA), posterior parietal cortex (PPC), agtitrsupramarginal gyrus/sensorimotor
471  cortex (SMC). These patterns of phase synchronyraikely to be driven by spurious

472  connectivity from MEG field spread (Brookes et2011), as we opted to measure imaginary
473  coherence (Nolte et al. 2004), thereby removingatéfin relation to instantaneous phase.
474

475

476  Discussion

477  This MEG study has investigated the oscillationeofsinctional connectivity between brain
478 regions involved in our ability to take anothergmr’'s visuospatial perspective. Behavioural
479 results replicated a substantial body of resednolwig significantly increased reaction time
480  for higher angular disparity between the partictpamd avatar (160° versus 60°) for

481  perspective-takingut not perspectivaacking (Kessler and Rutherford 2010; Kessler and
482 Thomson 2010; Surtees et al. 2013; Wang et al. R@r@ater angular disparity for

483  perspective-taking was accompanied by increased poaver (3-6Hz) within the right
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484  TPJ/IPS and lateral PFC, replicating Wang et Warfg et al. 2016), as well as within the
485  right ACC. Importantly, this increase in theta-povia angular disparity was specific to

486  perspective-taking and not perspective-trackinggFi, S1, S3). We therefore focused on
487  network connectivity during perspective-taking ahdwed (Fig. 2) that there was an

488 increase in Granger causal influence (Dhamala &08i8) from lateral PFC and right ACC
489  toright TPJ, but not vice-versa, mediated by lovgfrency brain rhythms (1-10Hz). Finally,
490 we examined how whole-brain patterns of theta-i&t@d Hz) phase synchrony, quantified
491 using imaginary coherence (Nolte et al. 2004),ecam relation to right TPJ activity. Results
492  (Fig. 3) suggest that with increasing angular disp&160° versus 60°), the right TPJ

493  increases its phase coupling to regions involvetieory of mind (Carrington and Bailey
494  2009) (medial PFC, PCC) and body schema (Coslett 2008; Medina et al. 2009) (SMC,
495 PPC, SMA), but decreases its phase coupling taviggions (VOTC) and to bilateral

496  anterior temporal lobe (ATL). Overall, these res@itiggest a crucial role for TPJ as a hub
497 that functionally connects mentalizing, executamed body-representational networks via
498 theta-band (3-7Hz) oscillations during high-levetgpective taking (Fig. 4).

499

500 The role of the right TPJ in high-level perspectiaking

501 Results from this study suggest that the right (fPBJ) becomes increasingly engaged with
502 the need for embodied mental alignment during atbge-taking i.e. as the disparity grows
503 between our own and other’s perspectives (Wangy 2046; Gooding-Williams et al. 2017).
504  Activity within the right TPJ is consistent witlsitole in establishing a sense of self (Blanke
505 et al. 2005), and crucially in differentiating cbeifs between the self and other (Santiesteban
506 etal. 2012; Sowden and Catmur 2015; Eddy 2016.l&h TPJ has also been implicated in
507 theory of mind and perspective-taking tasks (Satelean et al. 2012; Schurz et al. 2013),

508 however our results, replicating Wang et al., (9GL@gest that theta-band power is stronger
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within the right TPJ, when there is a large andldisparity (e.g. 160°) between self and
other perspective is greatest. This is consistéhtseme findings of lateralisation in TPJ
function (lgelstrom and Graziano 2017.). Givenithportance of the rTPJ in perspective-
taking (Santiesteban et al. 2012; Schurz et al52B8@ldy 2016; Wang et al. 2016), we were

interested in further describing the neurocognipuecesses involved.

As previous research has implicated the TPJ ag@ metwork hub (Igelstrom and Graziano
2017.; Bzdok et al. 2013), we hypothesised thatelgeon would co-ordinate shifts in
functional connectivity to other brain regions, plaase synchrony (Engel et al. 2001; Varela
et al. 2001). Indeed, we found that the rTPJ irsgdats phase-coupling to the medial PFC
and posterior PCC — two regions also involved ngeneerally in understanding the mental
states of others (Lieberman 2007; Carrington antk3@009; Van Overwalle 2009) (i.e.
mentalizing). Importantly, phase-coupling at thieéguency between rTPJ and medial PFC
had been previously reported by Bogels et al (2dL5Ng a high-level mentalizing task.
Thus, TPJ-mPFC coupling could be part of a basichareism involved in simpler as well as

in more sophisticated forms of social mental alignin

We also found increased phase synchrony betweeaf Bieand SMC, SMA, and PPC (Fig.
3), regions previously implicated in coding for thedy schema, i.e. cortical correlates of the
internal representation of the body and its postarel actions (Coslett et al. 2008; Medina et
al. 2009). We propose that this functional link,jethhas been reported previously (Arzy et
al. 2006; Cazzato et al. 2015), underlies the satedl rotation of the embodied self into
another’s orientation and perspective, which sdé&s primarily been described
behaviourally (Kessler and Rutherford 2010; Surtded. 2013; Wang et al. 2016). The rTPJ

also showed decreased phase synchrony with viegans (VOTC), primarily the ventral
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534  stream of the right visual cortex, during high-leperspective-taking. Altogether, these
535 findings can be interpreted as an active shift feotternally-driven processing (i.e. bottom-
536 up sensory information) to internal representatigms self, body-schema rotation) during
537 high level perspective-taking. This switch from @eesing external events to updating

538 internal states and information has been previdushed with TPJ function (Bzdok et al.
539 2013; Wu et al. 2015).

540

541  Taken together, these findings suggest that rTBJagca hub for high-level perspective
542  taking by routing visual information to internapresentations of the self, the body and its
543  action and posture repertoire, via theta-band peasehronisation (Figure 4). This allows
544  humans to actively project their own sense of isétf another’s viewpoint, resulting in rapid
545 and accurate perspective-taking responses (KemsteRutherford 2010; Surtees et al. 2013;
546 Wang et al. 2016; Gooding-Williams et al. 2017)wdwer, given the simplicity of the

547  stimuli and required decisions (left or right) #wial relevance of the current task and
548 associated processing could be called into quesTioerefore, we would like to point out
549 that Kessler and Wang (2012) reported that sokili$ §social skills subscale of the AQ,
550 Baron-Cohen et al., 2001) and gender significamtbdicted speed and embodiment of
551 responses on this task, suggesting that socialiebiare linked to embodied perspective
552  taking even in this repetitive and simplified expental form. Furthermore, using exactly
553 the same tasks, Kessler et al (2014,Proc R Sohd@®yexd that while the basic mechanisms
554  for perspective-taking and -tracking are essegtta same for Western and East-Asian
555 participants, there are subtle but significantureirelated differences in terms of self- vs.
556  other-centred biases that have been interpretediagsal manifestations of differing social
557 norms (e.g. Markus and Kitayama, 1991, also Wur,Baann, & Keysar, 2013).Finally,

558 Bdgels et al (2015) reported very similar thetaltzory coupling between right TPJ and
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mMPFC during a more complex task of social perspedttking, where participants needed to
judge whether an interactor in a different room weesented with the same visual object or
not, based on their previous communication. Thasgenuinely social task in the sense of
imagining another person’s current visual experentth the aim to enable successful
communication. During this high-level social tagiht TPJ was phase-coherent with
vmPFC, thus confirming our claim that this coupliagpart of the basic mechanism for

simpler as well as for more sophisticated formsaufial mental alignment.

Interestingly, the other side of the coin of thea@éed embodied perspective-taking process
tied to TPJ seems to be that aberrant activityRd @ontributes to involuntary shifts in
perspective, as experienced in so-called “out-afiybexperiences (OBE) (Blanke et al.
2005; Kessler and Braithwaite 2016). This emerd@iaghework is consistent with a recent
model arguing that the TPJ acts as a “nexus”, bubpnvergence zone between different
cognitive domains including social cognition, atten and executive function (Carter and
Huettel 2013). Our results suggest that the TR&sm@a important role during complex
social-cognitive processes like perspective-takinygco-ordinating the activity between
multiple brain regions and functional sub-netwarke a coherent whole (Santiesteban et al.
2012; Carter and Huettel 2013; Bogels et al. 2&dsly 2016) (Fig. 4). We further propose
that theta oscillations could be the crucial nekade for this integration process (Bogels et

al. 2015; Wang et al. 2016; Gooding-Williams et24l17).

Top-down Executive Processes during high-levelgsatsve-taking
Along with the rTPJ, two additional regions shovegghificantly increased theta power with
increasing angular disparity during perspectiverigkFig. 2A): the lateral PFC, primarily

overlapping with the right inferior frontal gyrusnd the right ACC. This theta-band activity
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was found during a slightly later period than theJ, from 0.2-0.5 post-stimulus onset,
suggesting that the ACC and lateral PFC contritatéx to the process of perspective-taking.
Interestingly, we also found that these two regidisplayed directed functional connectivity,
as measured by Granger causality, to the rTPJ,ateetlby low frequency brain rhythms (1-

10Hz), indicative of top-down processing (Von Steiral. 2000).

Activity within the ACC and lateral PFC is typicalassociated with cognitive control (Aron
et al. 2014) and conflict monitoring (Botvinickat 2004). However recent work has shown
the regions to be also implicated in a number ebti of mind studies (Vogeley et al. 2001,
Hartwright et al. 2012, 2015; Samson et al. 20AB)ivity within this context has been
argued to reflect the detection (Amodio and Fridl0& Lieberman 2007) (ACC) and
resolution (Samson et al. 2005; Hartwright et @lL2) (lateral PFC) of conflict between self
and other perspectives (Hartwright et al. 2016ag.tiérefore propose (Fig. 4) that the
connectivity from rACC and rPFC to rTPJ, duringelastages of perspective-taking, reflects
domain-general “top-down” executive control proess@Duncan and Owen 2000) required
for suppressing the self-perspective, in favoulaking the other’s perspective (Samson et al.
2005; Van der Meer et al. 2011; Hartwright et 8112), and/or for controlling the conflict
between the physical self and the transformed(gedf“other”) (May 2004; Santiesteban et
al. 2012; Wang et al. 2016), allowing both représeons to co-exist in the brain, similar to
the experience of an OBE, where the self is locatédo places at once (Kessler and
Braithwaite 2016). Our results differ slightly fraitmose reported in (McCleery et al. 2011),
but our interpretations are not fully at odds wihCleery et al's, who argue that the lateral
PFC selects between self/other perspectives, lootipated in the rTPJ, depending on task
demands, thus, favouring our second interpretdtion ACC and lateral PFC managing the

conflict between self and other perspectives thay ooexist in TPJ). At this stage it remains
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unknown what information content exactly is complutewhich part of the brain. Differing
results could also be due to differences in thagigms employed — unlike (McCleery et al.
2011), perspective-taking stimuli in this studyuigd differing levels of embodied
simulation, potentially requiring different leved$ conflict management between self and
other perspectives. In addition, this study focdsse earlier frontal theta-band oscillations
(0-0.65s) compared with the later evoked frontapomses (0.6-0.8s) reported in (McCleery
et al. 2011). It should also be noted that perspettacking could also involve similar
cognitive control processes. However, the expertalaontrast between different angular
disparities (160° vs 60°) may have precluded oilitybo detect this, as similar executive

control processes would be equally engaged in tantkitions.

More generally, whilst the involvement of executo@ntrol processes in perspective-taking
is based on substantial empirical research (Aral. &014; Hartwright et al. 2016a), to avoid
reverse-inference, future work could vary executieenands during perspective-taking
(Bradford et al. 2015), in combination with bratmaulation (Wang et al. 2016) to establish
the causal role of the lateral PFC and rACC. Fangxe, one study has shown that theta-
burst TMS to lateral PFC slowed reaction timesmya false belief task requiring a
dissociation between self and other perspectiviess, modelling the structural morphology
of lateral PFC and right TPJ (Hartwright et al. @6)L In addition, the observation that our
effects in ACC and PFC were primarily related tet¢hoscillations, further corroborates the
notion of top-down control, since theta has presiplbeen shown to reflect top-down
cognitive control processes involved in conflictmrtoring (Botvinick et al. 2004) and error-
related responses (Trujillo and Allen 2007). Oumpbmentary finding that the ACC and

lateral PFC exerted top-down influence on the TiRJow frequency rhythms (1-10Hz,
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peaking in theta) is clearly consistent with ACQ &+C theta as a mechanism for cognitive

control.

Limitations

This article, building on our previous work (Bdgelsal. 2015; Wang et al. 2016; Gooding-
Williams et al. 2017), has focussed on the rolthefa-band power and connectivity
underlying perspective-taking. Whilst sensor-lesmelysis revealed only a single positive
cluster of activity from 3-6Hz, corroborating owepious results, inspection of Figure 2A
suggests that these effects might spread into dettdow alpha frequency ranges. This is
also observed for right TPJ (power) and lateral RIF&h peaks in delta (1-3Hz) rather than
theta (3-6Hz) in power and Granger causality spgétig. 2). This discrepancy may explain
the lack of phase synchrony, probed#2 51z rather than 1-3Hz, between the right TPJ and
lateral PFC reported using imaginary coherencés viorth noting that the fine-grained
definition of frequency ranges is confounded bycsa smoothing applied during the
frequency decomposition process. Future work shtindcefore attempt to clarify whether
there might be additional independent or multiptegescillatory networks (e.g. Seymour et
al. 2017) at different frequency ranges, includimgse between delta/theta and gamma
(>30Hz) bands (Cao et al. 2018). Nevertheless attisle suggests that theta (3-6Hz)
appears to be the most dominant oscillatory frequéand (if not the only band), underlying

embodied perspective-taking.

Conclusion
This study examined the cortical networks involuetiigh-level mental alignment
(perspective taking), co-ordinated by theta-baraillatons. Low-frequency phase coupling

in the theta-band, has previously been shown ttriboe to the co-ordination of long-range
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658 neuronal interactions (von Stein and Sarnthein 209uhara et al. 2004), through which
659 distributed neural assemblies become integratedaiitoherent network (Varela et al. 2001).
660  Our finding that theta-band phase-coupling syncisemthe right temporo-parietal junction
661 (rTPJ) to brain regions involved in theory of miamad regions coding for body schema

662  supports this view, and suggests that perspecikiag, and potentially other social cognitive
663  processes, involve the co-ordination of spatiatigt functionally disperse brain regions via
664 theta-band phase synchrony (von Stein and Sarn20€@), further supported by low-

665 frequency top-down influences from executive cdrdareas (Bogels et al. 2015).

666
Executive Network:
Top-down Cognitive Control
Lateral
ACC
PFC c—%l
n & S
pcc &5 5
Visual & ) % =4
Ventral E:l TPJ <:> 5’1 = %
Stream Medial |O 2 &
2 g
sMmc | sMA | PPC 7~
Motor/Body-Schema Network:
Embodied Transformation
667

668  Figure 4:Proposed network underlying high-level perspeetakeng (Kessler and

669  Rutherford 2010; Surtees et al. 2013), linked bygroand phase in the theta-band (3-7Hz).
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670  During initiation of embodied perspective-takindhbeiour, early rTPJ activity co-ordinates
671 connectivity decreases with visual regions, whiisteasing connectivity with regions

672  involved in Theory of Mind, and Motor/Body-Scheniacreases in low frequency (primarily
673 theta) power within the lateral PFC and ACC refdmiain-general cognitive control

674  processes for detecting and managing top-downahfict between self and other

675  perspectives.

676
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