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Abstract

The cortical area known as the temporal-parietal junction (TPJ) plays an important role in social
cognition, including pro-social tendencies, social interactions, and language. The TPJ has been
proposed to serve as a nexus for many social processes, integrating them to construct a
representation of an individual’s social environment. Previous work has shown that TPJ is more
active when facing human opponents than when facing computer opponents in competitive tasks.
This difference in activation highlights the role of TPJ in modulating environments in which social
context might be important. Similarly, areas such as the lateral surface of the occipital lobe
(involved in facial recognition and gaze detection) and the angular gyrus (involved in mentalizing
and theory of mind (ToM)) project to TPJ. Moreover, TPJ dysfunction is present in many diseases,
including amnesia, Alzheimer’s and schizophrenia. To date, most studies of TPJ have utilized
fMRI, but since social cognition functions over a very rapid time-scale, fMRI experiments have
had limited success in studying the real-time movement of information along these pathways. The
objective of this experimental paradigm was to validate two widely-used Localizer and ToM tasks
using electrocorticography (ECoG) in epilepsy patients at Duke Hospital in order to better
understand ToM in humans by investigating the temporal dynamics of TPJ. While the main effect
from the two ToM tasks previously reported in the literature was not clearly observed in our results,
activity in the high gamma frequency bands, observed across tasks in electrodes consistent with
prior hypotheses, suggests that more fine-grained analyses is needed to further elucidate this
phenomenon. Our results have significant implications for the study of ToM, as ECoG could
provide a tool to observe ToM and other social cognitive processes in normal human interactions,
a process that is extremely challenging using other modalities.
Keywords: Theory of mind, social, electrocorticography, temporal-parietal junction
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Mind Your Thoughts:

Validating a Theory of Mind Battery Using Direct Cortical Recording
Human social cognition is a complex process involving attention, memory, language, and
dynamic representations of other agents (Adolphs, 2009). While neuroscientists have learned a
great deal about the way that the brain processes memory and language, there is much to be
learned about how the brain constructs representations of others in a way that is generative,
interactive, and automatic (Samson, Apperly, Braithwaite, Andrews & Bodley Scott, 2010; Saxe,
2006a). A critical element in forming representations of and effectively interacting with other
agents is the ability to infer their mental states, anticipating ways that their mentalizing
influences future actions and current objectives (Lieberman, Gaunt, Gilbert & Trope, 2002;
Mitchell, Banaji & Macrae, 2005). This concept has been termed Theory of Mind (ToM),
defined as the ability to think about another person’s thoughts (Saxe & Kanwisher, 2003). While
some work in non-human primates suggests that the phenomenon is not entirely unique to
humans (Gallese & Goldman, 1998), for humans the role ToM plays is omnipresent and critical
to engagement in a variety of tasks. This paper explores the contributions to ToM from a
particular brain region, the temporal-parietal junction (TPJ), utilizing electrocorticography to
examine the temporal dynamics of the process in a way that has previously been limited by the
temporal and spatial constraints of other technologies, such as functional magnetic resonance
imaging (fMRI) and electroencephalography (EEG), respectively.
Before presenting how this project provides insight into how human TPJ contributes to
ToM, it is important to understand the concept of ToM and the manner in which TPJ, among
other brain regions, has been shown to relate to cognition. ToM is a necessary function for
humans to be able to interact with other human agents and likely developed as human social
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groups became more complex (Frith & Frith, 2012). Cooperative interactions and joint decisions,
linguistic or alinguistic, are necessarily predicated upon a mechanism by which thoughts from
one agent are accurately and richly represented in the mind of another in a way to facilitate group
interactions (Saxe & Wexler, 2005). Such a process synthesizes individual goals with the
perceived objectives of another (Koster-Hale & Saxe, 2013a). ToM describes a mechanism by
which this is possible.
ToM can be distinguished from simple representation of external stimuli by the presence
of another social agent, defined as an agent with which one can interact and for whom one can
predict thoughts and feelings (Saxe & Powell, 2006). Early psychological tests for ToM focused
on the contrast between situations that depicted changing beliefs of another agent (beliefcondition) and situations that showed static photographs or manuscripts (photo-condition), which
would convey similar belief information without a mental or social component (Saxe, 2006b).
The first study to pilot this paradigm was what is now known as the “Sally-Ann task”
(Baron-Cohen, Leslie & Frith, 1985). In this task, two dolls played out a scenario in which one
doll, Ann, changed the location of a marble that another, Sally, had placed. Children were asked
the location that the Sally doll would look for the marble even though the children knew the new
location. If a child is able to accurately represent the mental state of another agent, he or she
should be able to describe what the doll believes, as different from current reality. If a child fails
to acknowledge that Sally would look in the place she originally left the marble rather than the
marble’s new location, it is believed that the child does not have a fully developed ToM. This
task has been modified and expanded over time and is one of the primary evidences for a
progression of ToM development around the ages of three to five (Saxe, Carey & Kanwisher,
2004; Schurz, Radua, Aichhorn, Richlan & Perner, 2014).
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Similarly, ToM is necessary for the judgment of morality and guilt in situations of
intentional or unintentional harm, a context that requires an understanding of another person’s
motivations underlying a particular action (Koster-Hale, Saxe, Dungan & Young, 2013). For
example, an individual who accidentally poisons his colleague, mistakenly putting poison instead
of sugar into her coffee, is consistently rated to be less morally culpable and less deserving of
punishment than another individual who fails to poison his colleague through the opposite
mistake. This judgement requires inferring the mental state of the individuals during their
actions, and their mental state is a significant component in the process of judgement. ToM is
also necessary for an understanding of other agents’ perception of reality, even when that differs
from one’s own (Santiesteban, Banissy, Catmur, & Bird, 2012). This is exemplified in many
authors’ use of dramatic irony. While the reader knows the true facts of the story from all
perspectives, one may also enjoy the depiction of a single character’s story because one can
reconcile how and why the character’s thoughts about the situation are separate from the
factually accurate account from the author. This seemingly rudimentary facet of social cognition,
the ability to construct and validate a point of view beyond one’s own, is nevertheless absent in
very young children, humans with neurocognitive deficits such as autism and Alzheimer’s
disease, as well as throughout other species (Tomasello, Carpenter, Call, Behne, & Moll, 2005;
Lombardo, Chakrabarti, Bullmore, & Baron-Cohen, 2011).
ToM dysfunction has been implicated in developmental disorders such as autism,
wherein individuals have impaired social engagement and difficulty empathizing or
understanding another’s perspective (American Psychological Association, 2013; Lombardo,
Chakrabarti, Bullmore, & Baron-Cohen, 2011). Though the specific pathways by which ToM
dysfunction emerges in autism are not clearly understood (Dufour et al., 2013), similar
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impairments in patients with amnesia, Alzheimer’s Disease, and schizophrenia, suggest the
existence of an underlying mechanism that can be disrupted through disease, potentially within
TPJ (Schurz et al., 2014).
ToM has a well-defined developmental time course in children (Gweon, Dodell-Feder,
Bedny, & Saxe, 2012), with full ToM function solidifying around the age of five to seven years
old (Saxe, 2010). While the emergence of ToM has been shown to progress along a marked
continuum through childhood (Saxe, Carey & Kanwisher, 2004), recent studies have shown that
children as young as 15 months might already exercise components of ToM (Onishi &
Baillargeon, 2005; Scott & Baillargeon, 2017). There is also evidence to suggest that ToM
development is not independent of cultural background or surrounding cultural landscape, as
children with different language or cultural profiles often have distinctly different levels of ToM
abilities at the same age (Kobayashi, Glover, & Temple, 2007; Perner & Aichhorn, 2008).
Evidence for localization of ToM function in the brain converged rapidly on a small
subset of brain regions as researchers began to use neuroimaging techniques to look for areas
subserving mentalization. Among these regions were TPJ, the superior temporal sulcus (STS),
and the dorsal-medial prefrontal cortex (dmPFC) (Metcalfe & Terrance, 2013). The boundaries
of TPJ, unlike STS or dmPFC, are functionally, not anatomically, defined as the meeting point of
the temporal and parietal lobes, with no clear histological or anatomical demarcation. The closest
analog in non-human primates is STS (Mars et al., 2012). Further study has shown that these
regions have specialized functions within ToM. STS has been shown to process information
about shifts in attention and communicative intention in gaze and eye movements, and dmPFC
has been shown to signal the presence of a social partner and support reasoning about another
person’s psychological and emotional traits (Metcalfe & Terrace, 2013). While the literature
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suggests that ToM is a multiregional, network phenomena, TPJ has been shown to be most
robustly involved with representations (Liu, Sabbagh, Gehring, & Wellman, 2004) with a
hemispheric dissociation in most adults: left TPJ to mentalize representations more globally
(both photograph and belief conditions, for example) and RTPJ to represent, more specifically,
mental representations of other human agents (Saxe & Young, 2013).
Further evidence for TPJ specificity comes from lesion studies (Robertson, Lamb, &
Knight, 1988; Samson, Apperly, Chiavarino, & Humphreys, 2004) and transcranial magnetic
stimulation studies (Santiesteban et al., 2012; Young, Camprodon, Hauser, Pascual-Leone, &
Saxe, 2010) showing that functional impairment of RTPJ leads to specific deficits in ToM
activity such as inferring the mental states of others or making moral judgments of other’s
behavior (Young & Saxe, 2008; Apperly, Samson, Chiavarino, Bickerton, & Humphreys, 2007).
Continuous recording during a simulated driving experience of taxi drivers showed specific
RTPJ activation during events that involved inferring the mental states or predicted actions of
other agents in the simulation (Spiers & Maguire, 2008).
Despite strong consensus among researchers about the role of TPJ in social cognition,
there remain certain prominent theories that provide alternative explanations for its function.
Several studies have suggested that TPJ’s location adjacent to attention areas in the parietal
cortex confer it a role in attentional processes (Corbetta, Patel, & Shulman, 2008; Cabeza, 2008;
Cabeza, Ciaramelli, Olson, & Moscovitch, 2008). Strong activation in social environments,
therefore, could be a by-product of increased attention towards social agents and not any inherent
differences in processing (Klein, Shepherd, & Platt, 2009; Ciaramelli, Grady & Moscovitch,
2008). Similarly, concerns have been raised about the validity of the false belief task as a
measure of ToM, suggesting that the task does not provide a sufficient reflection of the depth of
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interaction that is necessary for social engagement (Bloom & German, 2000). More research will
be necessary to continue to delve into the distinctions between these processes, though some
research suggests that distinctions can be drawn with finer anatomical or technical specificity
(Scholz, Triantafyllou, Whitfield-Gabrieli, Brown, & Saxe, 2009).
Additionally, recent research has shown that coarse-grained studies of large anatomical
regions of cortex might not be sufficient to describe the processes that are occurring in TPJ.
Functional connectivity mapping suggests three separate regions within the TPJ, connecting
anteriorly to the lateral anterior PFC, ventral PFC, and posterior cingulate and dmPFC, as well as
posteriorly to STS and the temporal pole (Mars et al., 2012). Similarly, other research has shown
both overlapping and non-overlapping regions within TPJ for different modalities of stimuli and
variations of tasks, which suggest common circuits that may be co-opted in variable ways to
produce a similar final mental representation (Schurz et al., 2014; Deen, Koldewyn, Kanwisher,
& Saxe, 2015; Gobbini, Koralek, Bryan, Montgomery, & Haxby, 2007). Furthermore, some
work has shown a form of predictive encoding at the level of goal-directed actions within the
TPJ that is modulated by differences in beliefs, desires, and preferences of other agents, which
could suggest a mechanism by which TPJ outputs pathways and regional connectivity that has
not yet been described (Koster-Hale & Saxe, 2013b).
This paper takes as its starting point a model by Carter and Huettel (2013) that
incorporates elements of each of the previously mentioned findings. The proximity of diverse
sensory, visual, attentional and memory-based processing in the small region of cortices
bordering TPJ along with functional connectivity mapping that shows the highly networked
nature of these regions suggests an integrative model. From this, TPJ has been proposed to serve
as a nexus for creating social representations of an individual’s external environment. The
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difference in activation between human and non-human interaction highlights the role of the TPJ
in modulating environments in which social context might be important (Carter, Bowling, Reeck,
& Huettel, 2012; Decety & Lamm, 2007). Similarly, areas such as the lateral surface of the
occipital lobe (involved in facial recognition and gaze detection) and the angular gyrus (involved
in mentalizing and ToM) project directly to TPJ (Haxby, Hoffman, & Gobbini, 2002). The
presence of a brain region that coordinates diverse inputs to produce a coherent output in social
environments would be beneficial, and TPJ is uniquely situated and connected to be that brain
region, though much remains to be studied to understand the directionality of input and output
pathways and the time-course of the pathways.
Since the majority of ToM research has been completed using fMRI (Saxe, 2006b; Carter
& Huettel, 2013; Schurz et al., 2014), there is a detailed functional localization of ToM in
humans that corresponds roughly to Brodmann anatomical areas 39 and 40. However, despite
advances in fMRI techniques such as multivariate pattern analysis and increased sampling speeds
(Koster-Hale et al., 2013), there is still an incomplete understanding of the time-course course as
well as the neuronal signatures underlying ToM processing in the aforementioned regions of
cortex. While EEG provides a faster signal by which one could potentially detect fast changes in
brain activations and has been used in some experiments to study ToM (Liu et al., 2004; Sabbagh
& Taylor, 2000), the localization to cortical regions lacks sufficient spatial specificity to answer
many of the questions that fMRI has uncovered and incompletely elucidates the
electrophysiology due to a low signal-to-noise ratio.
For these reasons, this paper uses electrocorticography (ECoG), also known as
intracranial EEG, to explore ToM. ECoG benefits from a sampling rate comparable to EEG in its
recording of electrical activity, while achieving a much higher signal-to-noise ratio (SNR) due to

MIND YOUR THOUGHTS

10

direct cortical contact of the electrodes (Hill et al., 2012). While spatial resolution does not reach
the scale of fMRI, the high SNR greatly improves the ability to distinguish activation between
neighboring electrodes and increases spatial resolution relative to EEG, while providing a direct
glimpse into neuronal dynamics, something unattainable through blood-oxygen-level dependent
contrast imaging, the secondary signal upon which fMRI relies. Additionally, though not
included in this paper, high-density ECoG recording grids are in development that would further
increase the utility of such technology for measuring cortical activity with greater spatial
resolution, in some cases surpassing that of fMRI (Insanally et al., 2016). The invasive nature of
ECoG, and the limited patient population that it traditionally serves, preclude it from becoming
more widely utilized, but there are interesting results that can be gained from such work that
merit collaboration with the surgeons and epilepsy patients involved in the procedures.
The two behavioral tasks in this study have been widely used in ToM research. The first,
the ToM Localizer task, was originally developed in 2011 (Dodell-Feder, Koster-Hale, Bedny, &
Saxe, 2011) for use as a localizer to define regions of interest for subsequent fMRI analysis. The
photograph-belief task, as presented in this paper, presents the participants with stories followed
by true or false questions. The stories describe situations in which some type of representation
has become outdated. In the ToM condition (the belief condition), the representation is mental, a
thought that the individual or group believes and is no longer accurate to the current situation.
This condition has been shown to reliably activate TPJ, while the photograph condition, in which
the representation is physical, usually a photograph or drawing of the scenario, does not activate
the same brain regions. The Localizer Task has been validated in fMRI over many years, paired
with a variety of other task conditions and serves as a valuable control in the study of ToM since
activation is well-understood.
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The second task in this study, the ToM and Attention Task, is conceptually identical to
the photograph-belief task with one additional contrast, an Attention contrast. Since the same or
nearby brain regions are hypothesized to be involved in attentional processes, researchers in
2010 (Young, Dodell-Feder, & Saxe) modified the stories from the more traditional photographbelief task to include an expected or unexpected outcome. The differences in activation in the
Attention contrast could be attributed to attentional processes, while the ToM contrast preserved
the same mentalizing activation as previously discussed. In the original work, the ToM contrast
elucidated activation in the same brain regions previously hypothesized to be involved in
mentalizing, most notably TPJ, while the Attention contrast, although activating neighboring
regions, did not significantly activate TPJ. Taken together, these two behavioral tasks serve as
reliable starting points for investigating ToM processes in alternative modalities, like ECoG.
Methods
All procedures used in this study were reviewed and approved by the Duke University
Medical Center institutional review board.
Subjects
Subjects were referred to the study by collaborating neurosurgeons based on an
assessment of eligibility. All of the subjects were undergoing surgery for the implantation of
ECoG grids for the clinical treatment of pharmacoresistant epilepsy via cortical resection,
separate from their participation in this study. Inclusion criterion included implantation of
electrocorticographic grids or electrode strips, localization of electrode grids/strips over relevant
brain structures, and subjects’ informed consent for participation in study with the understanding
that the decision not to participate would have no impact on their clinical treatment. All subjects
gave informed consent prior to their surgery and were compensated for their participation. We
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tested 3 individuals on each of the five behavioral tasks in ToM task battery (described below),
but the analysis for this project is limited to the first two tasks. All three patients completed both
tasks with no complications or modifications besides decreased speed of presentation to
accommodate slower reading speed (patient 2 completed a slightly shorter version of the ToM
and Attention task due to fatigue). The final sample ECoG and behavioral data were taken from
all three subjects for each of the tasks. A summary of subjects and relevant information can be
found in Table 1.

Patient
Number

Age

Gender

Implant

Tasks

1

27

Female

Right

L, A

2

32

Female

Left

L, A*

3

33

Male

Right

L, A

Table 1. Summary of relevant patient information. Implant refers to location of primary electrode grid of analysis. L=Localizer,
A=ToM and Attention Task. *Patient 2 completed a shortened version of ToM and Attention Task due to fatigue.

Electrocorticography Grids and Data Acquisition
For pre-neurosurgical diagnosis, the subjects were implanted with a variety of electrode
grids (Ad-Tech, Racine, Wisconsin, USA). The largest grids used were 8x8 subdural surface
grids and the smallest, 4x1, all with platinum surface contacts and 1 cm separation between
electrodes. Specific localization of electrode grids for each patient can be found in Figure 1.
Reconstructions of electrode location were obtained by performing co-registration of the
preoperative MRI with a postoperative CT scan.
Recordings from all electrodes were digitized at 2000 Hz sampling rate using a clinical
AC amplifier. The Natus Xltek system (Natus Medical Incorporated, Pleasonton, CA, USA) was
used for the recording of electrical signaling via the Natus Neuroworks EEG software with data
stored on Natus Database. Data were subsequently transferred to a server hosted at DUMC,
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partitioned by hour and channel, and reassembled for subsequent analysis using custom Python
scripts.
Behavioral data were collected in the subject’s hospital room following the surgery for
implantation of recording electrodes and prior to the second surgery for removal of grids and
cortical resection. All data were collected using a laptop (Dell Inspiron 15 7000 Series, Ubuntu
16.04.1 LTS). Tasks were presented and data collected via PsychoPy (Peirce, 2007), version
1.83.04.
Behavioral Tasks
The behavioral ToM battery consisted of five distinct tasks designed to explore different
components of ToM. For the purposes of this paper, two of them were explored and are referred
to as ToM localizer and ToM and Attention Task. All tasks were presented in the same sequence
(Localizer followed by ToM and Attention) to participants in their hospital room with short
breaks between tasks for patient comfort. Examples slides from each task are shown in Figure 2,
and code for behavioral tasks is available online at https://github.com/pearsonlab/tom_localizer
and /Tom_task_2010.
The ToM localizer (adapted from work by the Saxe Lab at MIT (Jacoby, Bruneau,
Koster-Hale, & Saxe, 2016; Dodell-Feder, Koster-Hale, Bedny, & Saxe, 2011); rewritten from
MATLAB to Python) consisted of 20 sequences of story-question-response. This task is known
to robustly activate TPJ and is used in fMRI studies to functionally localize the region on a persubject basis. The task is a modified version of the false-belief task, with each story and question
combination referring to a situation in which a character might have a correct or incorrect belief
about the current reality of a scenario, or an inanimate object (ex. photograph, painting) might
correctly or incorrectly depict the current reality. Subjects were asked to classify statements
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about each belief or photograph as true or false. Each story was presented for seven seconds,
followed by a question period with a maximum response time of ten seconds.
The ToM and Attention task (adapted from stimuli provided publicly by the Saxe Lab at
MIT and task based on similar work (Young, Dodell-Feder, & Saxe, 2010)) is a similar storyquestion-response sequence to the ToM localizer. In this task, the subject is asked to respond on
a Likert-scale (1-4; 1 being very unlikely, 4 being very likely) about the likelihood of either a
belief of a person described or a fact about an inanimate object in a similar situation. Each
condition-matched question described either an expected or unexpected outcome. Thus, total
conditions populate a 2x2 grid, with each story-question pair being mental or physical and
expected or unexpected (see Figure 2). 48 stories were presented.
Event marking and synchronization
Events were recorded in PsychoPy; these timestamps are accurate to the frame flip (1/60th
of a second) (Peirce, 2009). Display events were marked onscreen by a flickering circle (code
available at https://github.com/pearsonlab/tom_localizer/blob/master/utils.py); these were
recorded by a photodiode input as an additional channel to the electrophysiology system. Events
were compared and linked across the two systems following the experiments by connecting
response times in the behavioral data from PsychoPy with recordings from the electrophysiology
system.
Each task presented light triggers to be recorded by photodiode in order to sync real-time
task data with electrode recording in post-processing. Light triggers were analyzed using
standard tools in the MNE library (Gramfort et al., 2013, 2014) to localize specific task events,
matched to behavioral data via time stamps, and synced to electrical recording data. Data
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Localizer Task
Belief Condition

ToM and Attention Task

Physical

Unexpected

Expected

Mental

Photograph Condition

Figure 2. Task Schematics. Both tasks show original presentation stimuli (story or statement) overlaid with follow-up question.
Conditions are presented above for Localizer Task and in tabular form for ToM and Attention Task.
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processing was also performed using standard tools available in the MNE library. Code used for
data processing and the data pipeline is available at https://github.com/pearsonlab/ecogtools.
Data analysis
Event-related potential. Event-related potentials (ERP) were calculated for the 2 seconds
prior to time of response on unfiltered data, baselined to the 1 second period following the time
of response. Plots show ERP contrast of belief minus photograph for the localizer, and mental
minus physical and expected minus unexpected for the ToM and Attention Task. ERPs were
calculated to examine changes in electrical potential that were time-locked to a particular
stimulus or response.
High Gamma Power. The high gamma frequency range (80-150 Hz) was chosen for
analysis since high gamma power is believed to be best correlated with BOLD response in fMRI
(Niessing et al., 2005; Mukamel et al., 2005). In order to compare the differences in high gamma
power between the belief and photograph condition in the period preceding question response,
data were filtered using a bandpass filter for the high gamma range and subsequently Hilbert
transformed and squared to calculate instantaneous power. Average high gamma power was
calculated in the 2 second period preceding time of response, as this time period best captured
the latter half of patient reading time during which we hypothesized mentalizing to occur. In
comparison to other events to which analysis was aligned (question start, story start, time
following time of response), the largest changes in high gamma power were observed in the time
preceding time of response. The same analysis, across all four task conditions, was conducted for
the ToM and Attention Task.
Spectral Analysis. Spectral decomposition was carried out using a multitaper method
(Mitra & Pesaran, 1999; Cohen, 2014; Percival & Walden, 1993) on frequencies in the high
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gamma range. Data were baselined, dividing power by the average power in the 1 second period
following time of response. Time-frequency plots were tested for statistical significance using a
non-parametric permutation-based between-cluster analysis from built-in MNE functions (Maris
& Oostenveld, 2007). Spectral analysis was completed for both the Localizer and ToM and
Attention task with slight modifications to account for differing task conditions.
Results
ToM Localizer
We asked whether a widely-used localizer task for ToM would likewise show robust
activation in ECoG. Twelve channels were chosen for analysis for each patient based on their
proximity to TPJ. TPJ is an area that is traditionally functionally localized using tasks similar to
this and lies at the posterior edge of the Sylvian fissure where the temporal and parietal junction
converge. The localizer is intended to differentiate brain regions activated preferentially for
thoughts about mental states compared to physical states (belief versus photograph condition).
Each condition consisted of a ten story-question sets, and task runtime was between 10 and 15
minutes.
Event-related potential. In order to closely examine the time-locked response across all
frequencies, event-related potentials (ERP) were calculated for each condition. Figure 3 shows
average evoked response for belief condition minus average evoked response for photograph
condition for electrodes from all three patients that were subsequently significant or nearsignificant in a contrast of high-gamma power. These channels show activation that is visually
representative of most channels in the grid, but we hypothesized that underlying changes in
oscillations at higher frequencies would correlate more with conditions of interest.
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Figure 3. Localizer Task–Eventrelated Potentials. All channels
show 2 seconds prior to time of
response (marked with blue line)
and one second after. ERPs were
calculated on unfiltered data and
show average of belief condition
minus photograph condition.
Channels shown were chosen as
representative of ERP activation
across patient grid and as
significant or near-significant
channels in later analyses.
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Average Power. In order to investigate more closely the changes in oscillations at higher
frequencies, average power was calculated for the high gamma band. Power was averaged over
the 2 second period preceding time of response for each trial, baselined to the 1 second period
following time of response, and the means were compared using a student’s T-test for the means
of two independent samples. P-values were calculated for all channels of interest. For patient 1,
among the channels of interest there were no statistically significant differences in average
power between the belief and photograph conditions (see Figure 4.1). There were three channels
with almost statistically significant results, noticeably below the p-values of other electrodes of
interest (belief over photograph; Right Temporal Grid (RTG) electrodes 22, 31 and 47; p-values
= 0.128, 0.149, and 0.197, respectively). Two of these are adjacent electrodes (RTG 22 and 31)
and lie on the posterior portion of the temporal lobe adjacent to the Sylvian fissure in the area
often functionally defined as RTPJ. One electrode (RTG 32) had a similarly low p-value (pvalue=0.127) with the effect in the opposite direction (photograph over belief).
For patient 2, among the channels of interest there was one channel with a nearly statistically
significant difference in average power between the belief and photograph condition (Left
Temporal Grid (LTG) 8; p-value = 0.080) (see Figure 4.2). The electrode lies in the area often
functionally defined as LTPJ, posterior to the Sylvian fissure.
For patient 3, among the channels of interest there were no statistically significant differences
in average power between the belief and photograph conditions (see Figure 4.3). There were two
channels with almost statistically significant results, noticeably below the p-values of other
electrodes of interest (belief over photograph; Right Frontal Grid (RFG) electrodes 8 and 15; pvalues = 0.159 and 0.157, respectively). These are adjacent electrodes and lie on the posterior
portion of the temporal lobe like the electrodes from patient 1.

MIND YOUR THOUGHTS

21

Figure 4. Localizer Task–Average High Gamma Power. Boxplots show the distribution across trials of (mean) high gamma power
in 2 seconds prior to time of response baselined to 1 second following time of response. Blue=belief condition,
green=photograph condition.
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Spectral Analysis. Given the observable differences in average power during the question
response period, we were interested in the time course of changes in the high frequency bands.
TF plots for each patient are shown for significant or near-significant electrodes from average
power (see Figure 5). The TF plots show noticeable power increases in the belief over
photograph condition in the 2 seconds preceding time of response as hypothesized; however, for
all three patients, permutation testing revealed no significant clusters in time-frequency plots of
the high gamma band. Increases in power appeared in the time period 2 to 1 seconds before
response or 1 to 0 seconds before response in different electrodes, potentially marking different
time courses by which neighboring regions activate for similar task conditions.
ToM and Attention Task
The same channels of interest were analyzed for each patient for the ToM and Attention task
as for the ToM Localizer task. The ToM and Attention task was implemented to validate that the
effect observed in the ToM Localizer task was not due to the differences in the attentional load
required for the belief or photograph condition. The expected effect between the conditions for
the ToM and Attention task was that there would be a significant difference between mental and
physical stories (the ToM contrast) and no significant difference between expected and
unexpected stories (the Attention contrast).
Event-related potential. In order to examine the time-locked response across all frequencies,
ERP were calculated for each condition. Figure 6 shows average evoked response for mental
condition minus average evoked response for physical condition (left) and expected condition
minus unexpected condition (right) for significant or near-significant electrodes from all three
patients in the following power analysis. As in the Localizer Task, there were no noticeable,
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Figure 5. Localizer Task–Timefrequency plots. All plots show
power across frequencies in the
high gamma band (80-150Hz) in
the 2 seconds prior to response
(black line). Power was baselined
to 1 second following time of
response. Colors represent ratios
(power/baseline) in dB. *Graphs
for patient 3 show banding from
artifacts due to harmonics of 60Hz
electrical noise.
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Figure 6. ToM and Attention Task–Event-related potentials. All channels show 2 seconds prior to time of response (marked with
blue line) and one second after. ERP were calculated on unfiltered data and show average of belief condition minus photograph
condition. Channels shown were chosen as representative of ERP activation across patient grid and as significant or nearsignificant channels in later analyses.

visual differences between the ERPs of the channels of interest and the ERPs of other channels in
the same grid.
Average Power. Similar to the Localizer task, power was also averaged over the 2 second
period preceding time of response for each trial for each set of conditions (four total) (see Figure
7), and a two-way ANOVA test (main effects mental/physical, expected/unexpected) was
performed to test for significant differences in means between conditions. For patient 1, two
electrodes were significant for the mental-physical contrast and not the expected-unexpected
contrast (RTG 23 and 46; p-values = 0.031 and 0.069, respectively; two-way ANOVA). No
electrodes were significant for both contrasts or for the expected-unexpected contrast and not the
mental-physical contrast. For patient 2, there were no significant electrodes for the mentalphysical contrast over the expected-unexpected contrast or for both contrasts. However, there
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Figure 7. ToM and Attention Task––Average High Gamma Power. Boxplots show the distribution across trials of (mean) high
gamma power in 2 seconds prior to time of response baselined to 1 second following time of response. Blue=mental condition,
green=physical condition, dark=expected condition, light=unexpected condition.
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were two electrodes (LTG 21 and 23) that were significant for the expected-unexpected contrast
over the mental-physical contrast (p-values = 0.005 and 0.030, respectively; two-way ANOVA).
Finally, for patient 3, there were no statistically significant differences in average power between
any sets of contrast. For two electrodes (RFG 8 and 14) the mental-physical contrast but not the
expected-unexpected contrast was almost significant (p-values = 0.124 and 0.180, respectively).
Across all three patients, the electrodes that showed the most noticeable response or changes in
average high gamma power for the ToM and Attention task are the same or neighboring
electrodes to those that were activated for the Localizer Task.
Spectral Analysis. Time-frequency decompositions were performed on all electrodes of
interest for each patient. The results from the electrodes mentioned in the results for average
power above are included below (see Figures 8, 9, 10). The TF plots shown represent the ratio of
mental stories over physical stories (left) and expected stories over unexpected stories (right). As
for the Localizer Task, for all three patients, permutation testing revealed no significant clusters
in time-frequency plots of the high gamma band. Unlike the Localizer Task, however, the
response in the time frequency plots for each electrode for most patients is less clearly aligned
with initial hypotheses about differences in mental-physical and expected-unexpected stories.
Discussion
The results of this study have interesting implications for the study of ToM processes in
ECoG. Among electrodes that had been selected for their relevance to the brain regions of
interest, one or more electrodes were distinguishably activated, albeit below the threshold for
significance, in each of the three patients studied. The electrodes corresponded specifically to the
area shown in the CT scans for TPJ in both the left and the right hemisphere, and between tasks
the same or adjacent electrodes were distinguishably activated as well. Although the activation
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Figure 8. ToM and Attention Task––Time-frequency plots. All plots show power across frequencies in the high gamma band (80150Hz) in the 2 seconds prior to response (black line). Power was baselined to 1 second following time of response. Colors
represent ratios (power/baseline) in dB. Left=mental/physical contrast, Right=Expected/unexpected contrast.
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Figure 9. ToM and Attention Task––Time-frequency plots. All plots show power across frequencies in the high gamma band (80150Hz) in the 2 seconds prior to response (black line). Power was baselined to 1 second following time of response. Colors
represent ratios (power/baseline) in dB. Left=mental/physical contrast, Right=Expected/unexpected contrast.
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Figure 10. ToM and Attention Task––Time-frequency plots. All plots show power across frequencies in the high gamma band
(80-150Hz) in the 2 seconds prior to response (blue line). Power was baselined to 1 second following time of response. Colors
represent ratios (power/baseline) in dB. Left=mental/physical contrast (ratio), Right=Expected/unexpected contrast (ratio).
*Graphs show banding from artifacts due to harmonics of 60Hz electrical noise.
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was not statistically significant for most electrodes, the consistency of activation between tasks
and the degree to which activation matched prior work in EEG and fMRI research suggests
reliable effects amidst the noisy electrodes. One of the primary benefits of data from two tasks
that are approaching the same effect in slightly different ways is that effects from both tasks can
be compared to one another, and the co-localization of electrodes activated between the two
tasks or the repeated activation of the same electrode provides stronger evidence for a consistent
effect. Similarly, although no between-subjects statistical comparisons were made, from
anatomical landmarks that are visible on the CT scans of patients (such as the Sylvian fissure) it
is clear that the electrodes that were most activated across each of the tasks is consistent with the
hypothesis that TPJ activation is correlated with mentalizing processes.
Similarly, the TF plots for the Localizer Task corroborated the average power measurements
by showing noticeable activation in the high gamma band prior to response. Power increases in
the time period immediately preceding response were observed in each of the electrodes for
which average power was statistically significant between conditions. More sophisticated
statistical or smoothing methods could also enhance the discernment of the non-parametric
permutation testing as the cluster analysis was likely influenced by the noise in the high gamma
band. Noise could contribute to the lack of statistical significance in permutation testing even
though noticeable changes were observed in multiple channels. The coarse nature of the analyses
at this level for the purposes of averaging is also likely to have obscured some of the individual
variation between electrodes and the time course of activation or spread within TPJ regions.
Since the only way to significantly show the differences between conditions for the Localizer
task (and to a lesser degree the ToM and Attention task) for any electrodes was through average
power changes during the question response period, there remain many avenues to explore
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regarding the responses observed. The longer time course of social interactions could evoke
broad changes in brain activation, even in a single region, calling for extending the period of
analysis before or after the time of response by a considerable amount. In this situation, the high
temporal resolution of ECoG could be a negative characteristic of the data as the longer time
course of activation could be obscured by fast changes on the millisecond time scale. To this
point, it is worth noting that no broad changes in band-limited power time-locked to any event in
the task were observed in either high- or low-frequencies from instantaneous power calculations.
Studies showing the connection between high gamma power and BOLD signal suggest that the
time period where the effect is observed in fMRI (during the question period) should also be the
time period when high gamma oscillations occur, and the TF plots show to a limited extent the
activation that one would expect.
Challenges. Since the placement of electrodes is based on clinical decisions related to
epilepsy diagnosis, the location of electrodes around the areas of interest for this study was
somewhat limited. All of the electrodes of interest defined were located on the edges of grids.
Since the patient population has limited candidates, it is necessary to be less selective about
patient recruitment for the study, but the limitations can have serious implications for analysis
and comparison between subjects. This is also a challenge when considering the spatial
resolution of between subject comparisons, since even similar grid placement might have
underlying differences in surface anatomy that make electrode contact distinct for each subject.
Specific to this study, the ToM Localizer and ToM and Attention task, the statistical power of the
tasks suffered from low numbers of trials, in addition to difficulty averaging between patients,
which decreases statistical power and makes effects difficult to separate from artifacts. Possible
corrections to this challenge include combining tasks in some way to preserve the localizer effect
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while lengthening the task and increasing number of trials, or repeating the Localizer in a
different session. Localizer repetition would be relatively cost-effective as the task runtime is
short compared to other tasks performed and would also allow for comparison of activation
between days.
Future Directions. The experiments conducted for this paper represent the first layer of
analysis possible for the dataset. Because of the limited number of patients and the difficulties in
aligning electrodes across patients, no cross-patient analyses were conducted, but the growing
field of brain alignment software allows for precision that could dramatically increase the power
of current experiments as more patient data are collected. Additionally, for the purposes of this
study, only electrodes chosen anatomically to align with TPJ and STS regions were analyzed indepth, specifically to investigate response characteristics of TPJ regions and TPJ was the primary
common grid coverage for the patients presented. Prior research suggests that there are other
brain areas, such as mPFC and regions of the temporal lobe, that are activated similarly in ToM
tasks. Analysis of all electrodes and definition of other areas of interest between subjects would
broaden the current methods. Furthermore, methods exist for between-electrode analyses that
could give unique insight into the manner in which different brain regions respond to the same
task that are obscured by single electrode analyses. These methods, which are predominantly
used for EEG analyses, would be enhanced by the spatial localization and increased SNR of
ECoG. Finally, the long-term recording of ECoG patients, over the course of many days while
the patients wait for follow-up surgery, represents the most unique aspect of ECoG and ToM
research. Since there are few brain recording methods that allow for in-vivo recording of normal
human interactions, the validation of a localizer for ToM activation and detailed characterization
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of response profile would benefit algorithm-based methods for processing larger stretches of
time and comparison with video and behavioral data of patients.
Conclusion
Our experiments sought to use ECoG as a novel modality to explore the mechanisms by
which ToM was processed. Two behavioral tasks, a ToM Localizer and ToM and Attention
Task, were selected as part of a larger ToM battery as widely-accepted tasks for the localization
and activation of ToM networks in fMRI. Our experiments sought to validate the use of the two
tasks by taking advantage of the high temporal resolution of ECoG as part of a pilot study to
explore the temporal dynamics of ToM. Data from three patients with TPJ electrode coverage
who completed both tasks were presented along with accompanying analysis of event-related
potentials, average high gamma power, and time-frequency decomposition.
While the consistent effect reported in the fMRI literature was not robustly observed in
any channels from the three patients, there are several pieces of evidence that suggest that more
fine-tuned analyses could elucidate more concrete results. In comparisons between conditions for
the Localizer task, one or more electrodes showed significant or near-significant differences in
average high gamma power during the period of the task in which mentalizing processes were
hypothesized to occur. Spectral analysis of the same time period showed visually noticeable
increases in power in the same frequency band, though the effect did not cross the threshold to
significance in permutation-based testing. Furthermore, the same or neighboring electrodes were
the channels in which noticeable activation was observed in similar analyses in the ToM and
Attention task.
Overall, the results of this study are not sufficient evidence to suggest that ToM
activation is not robustly observable in ECoG. Rather, these results lay the foundation for future
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studies in a variety of directions. This dataset would benefit from cross-electrode and betweenpatient analyses and ultimately begins the characterization of ToM in ECoG that could be used
for large-scale, algorithm-based methods for observing ToM and related social cognitive
processes in normal human interactions. Multi-day, single-subject data of patients engaging in
semi-normal social activities with family members and healthcare staff is an attribute of few
brain-monitoring modalities beyond ECoG and represents one of the greatest contributions that
ECoG could make to the study of social cognition.
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