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A multiplicity of sensory and cognitive functions has been attributed
to the large cortical region at the temporo-parietal junction (TPJ).
Using functional MRBI, we report that a small region lateralized
within the right TPJ responds robustly to certain simple visual
stimuli ("vTPJ”). The vIPJ was found in all right hemispheres
(n = 17), posterior to the auditory cortex. To manipulate stimuli and at-
tention, subjects were presented with a mixture of visual and audi-
tory stimuli in a concurrent block design in 2 experiments: (1) A
simple visual stimulus (a grating pattern modulating in mean lumi-
nance) elicited robust responses in the vTPJ, whether or not the
subject attended to vision and(2) a drifting low-contrast darthoard
pattern of constant mean luminance evoked robust responses in the
vTPJ when it was task-relevant (visual task), and smaller responses
when it was not (auditory task). The results suggest a focal, visually
responsive region within the right TPJ that is powerfully driven by
certain visual stimuli (luminance fluctuations), and that can be
driven by other visual stimuli when the subject is attending. The
precise localization of this visually responsive region is helpful in
segmenting the TPJ and to better understand its role in visual aware-
ness and related disorders such as extinction and neglect.
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Introduction

The human temporo-parietal junction (TPJ) is a very large
cortical region. Its surface area is on the order of 50 cm?, com-
parable to the combined surface area of V1, V2, and V3. Re-
searchers have attributed a multiplicity of functions to neurons
within the TPJ (Bzdok et al. 2013; Carter and Huettel 2013), in-
cluding social reasoning (Saxe and Kanwisher 2003), attention-
al reorienting (Corbetta et al. 2008), event timing (Battelli et al.
2007), detection of transitions between sensory modalities
(Downar et al. 2000), and visual awareness (Karnath et al.
2003). It is likely that further experimental analyses will show
that the TPJ comprises multiple regions that perform distinct
functions, and that the region can be organized into distinct
cortical systems.

One of the more remarkable claims connecting TPJ re-
sponses to visual awareness arises from electrocorticography.
Electrical stimulation of occipital cortex can produce a visual
phosphene, but this phosphene reaches consciousness only
when the occipital stimulation elicits an accompanying signal
in the TPJ (Beauchamp et al. 2012). A role for the TPJ in visual
awareness is consistent with studies linking TPJ lesions to
visual extinction, a deficit in detecting contralesional stimuli
in the presence of ipsilesional stimuli (Karnath et al. 2003;
Karnath and Rorden 2012). However, it is unknown whether
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the region of the TPJ in the electrocorticography study and in
the lesion studies are the same, or even overlap.

Most of our understanding of the functional roles of TPJ
derives from neurological case studies and neuroimaging.
Identifying a specific region within the TPJ involved in a par-
ticular function is challenging. Because lesions are not con-
fined by functional or anatomical boundaries, the precision
with which an anatomical location can be associated with a
functional deficit is limited, leading to uncertainty in the cor-
tical substrates of extinction and related disorders. Secondly,
neuroimaging studies often use paradigms that evoke only
weak signals from the TPJ. To compensate, investigators typic-
ally align data from many subjects into a template space. This
further reduces sensitivity to regions of interest (ROI) that do
not align precisely in a template space (Glezer et al. 2009;
Nieto-Castanon and Fedorenko 2012).

We examined the blood oxygenation level-dependent
(BOLD) signal in individual subject responses to simple visual
and auditory stimuli. We observed that temporal luminance
modulations of a low spatial frequency grating pattern elicit
robust responses in a region within the right TPJ, enabling us
to make measurement in single subjects. A first experiment lo-
calized responses within the TPJ to a very salient flicker and
tested how responses in this region depend on task and stimu-
lus modality (visual vs. auditory). A second experiment mea-
sured the responses to a visible but less salient visual stimulus
in this region.

We found a small (<1 cm?) visually responsive area in the
anterjor and inferior portion of the right TPJ (“vTPJ”) in all in-
dividuals (2 =7). The vIPJ is notable because it is (1) strongly
responsive to visual stimuli and located adjacent to the audi-
tory cortex, and (2) remote from identified visual field maps in
occipital, temporal, and parietal cortices. In this study, our
purpose is to characterize the location of this region, its task
sensitivity, and its responsiveness to visual and auditory
stimuli. The spatially resolved fMRI responses identify the pos-
ition of this right TPJ subdivision with enough precision, so
that the region can be identified using anatomical landmarks
in individual subjects. Hence, future studies will be able to
assess whether this region is the same location within right TPJ
that plays a key role in visual awareness.

Materials and Methods

Subjects

Seven subjects participated in the experiments (age 29-62, all male),
including the 3 authors. Informed consent was obtained from all 7
subjects. Stanford University’s Institutional Review Board approved
the experimental protocol.
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Experiment 1

Experiment 1 (# =7) measured BOLD responses to visual and auditory
stimuli using a concurrent block design. In this method, the visual and
auditory stimuli are presented in overlapping on- and off- blocks, but
the auditory and visual blocks have different durations. Following a
12-s blank period (mean luminance), visual stimuli were presented in
alternating “on” and “off” blocks, 12-s each, repeated 8 times per scan;
auditory “on” and “off” blocks were 16-s each, repeated 6 per scan
(total 204 s/scan). An experiment comprised 8 scans, 4 with an audi-
tory, and 4 with a visual task, in alternating order.

The visual stimulus was a low spatial frequency grating (0.3 cpd),
windowed within a rectangular aperture 12° in height by 20° in width.
The grating modulated in mean luminance during 12-s “on” blocks and
was static during “oft” blocks. A single “on” block consisted of six 2-s
epochs, each with 1.5 s of flicker and 0.5 s no-flicker gaps. The flicker
rate was 4 Hz on 70% of the epochs and 3 Hz for 30% of epochs (“odd-
balls”).

Auditory stimuli were organized into 16-s “on” and “off” blocks.
A single “on” block consisted of a series of 16 rising or falling tones
(0.9 s tone and 0.1 s no-tone gaps). About 85% of tones rose from 100
to 500 Hz and 15% (oddballs) fell from 500 to 100 Hz. The frequency of
auditory oddballs per scan was matched to that of visual oddballs; since
auditory stimuli were twice as frequent, the oddball frequency per trial
was half that of visual oddballs (15 vs. 30%). The sound level was 10
times threshold, measured during an EPI (echo planar imaging) scan
immediately prior to the experiments. There were no tones during “off”
blocks.

Subjects pressed a button to indicate a visual (4 scans) or auditory
oddball (4 scans). Accuracy for oddball detection was high (94.2%
visual and 97.7% auditory; mean across subjects).

Experiment 2

Experiment 2 (#=5) was identical to Experiment 1 except for the
visual stimulus, which was a low-contrast dartboard pattern (5% Mi-
chelson contrast) during “on” blocks and mean luminance during “off”
blocks. The dartboard was windowed within a circular aperture with
radius 6°. Alternate spokes of the dartboard drifted radially in or out,
reversing in direction at pseudorandom times (average once per 10 s).
The visual task was to detect a reversal in the motion direction; the
auditory task was the same as Experiment 1.

Retinotopy and vIPJ Localizer

Population receptive field mapping procedures (Dumoulin and
Wandell 2008) were used to identify retinotopic maps (2 =7) for each
subject, and map boundaries were identified as in Winawer et al.
(2010). ROI for V1, hV4, and TO-1 were limited to voxels whose recep-
tive field centers were within 6 degrees of eccentricity, in order to
match the stimulus extent.

A localizer experiment was conducted in separate scan sessions to
independently identify the vIPJ ROI in 6 of 7 subjects. The purpose of
the localizer was to separate the identification of the ROI from the
measurement within the ROI, thereby avoiding the circularity of using
the same measurement to select and to measure voxels. The localizer
was identical to Experiment 1 except that it consisted of only the 4
scans with an auditory task. The purpose of using the auditory task
and not the visual task for the localizer was to identify a region that is
responsive to visual stimuli rather than visual attention. The localizer
allowed us to identify a region in the right TPJ that was driven by visual
responses even while attending auditory stimuli. For the seventh
subject, a separate localizer session was not conducted; instead, the in-
dependent data set was derived by splitting data from Experiment 1
into 2 subsets comprising 2 scans each, 1 subset for localizing vIP],
and 1 for subsequent analysis within the ROI.

Individually defined vIPJ ROIs were defined using the following
criteria: (1) General linear model (GLM) variance explained exceeded a
threshold (20%, except 10% for S4 and S6); (2) during an auditory task,
beta weight for visual stimuli was greater than for auditory stimuli; and
(3) location is posterior to planum temporale and dorsal/anterior to
superior temporal gyrus.
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GLM Analysis

Time series data were analyzed using a GLM implemented in vistasoft
(https://github.com/vistalab/vistasoft). The GLM was solved in 2 ways.
For the primary analysis, the GLM was solved on data averaged across
repeated runs. The design included 4 regressors corresponding to each
combination of stimulus and task (visual and auditory stimuli during a
visual task; visual and auditory stimuli during an auditory task). Each
of these regressors was a repeated boxcar (1 during stimulus blocks,
otherwise 0) convolved with a fixed hemodynamic response function
[difference in 2 gamma functions (Friston et al. 1998)]. In addition to
these 4 regressors, there were 3 nuisance regressors to account for a
slow drift in the BOLD signal. These regressors include polynomial
terms up to second order (Kay et al. 2008).

A separate GLM was also conducted to account for responses to
oddball stimuli. Because oddball stimuli occurred at random times
throughout the scans, the data were not averaged across scans for this
analysis. There were again 4 stimulus regressors corresponding to the 4
combinations of stimulus and task. In addition, there were 2 more re-
gressors for visual and auditory oddball stimuli. These regressors were 1
for time points in which an oddball occurred during the appropriate
task (e.g., visual oddball during visual task), and 0 for all other time
points, convolved with the same fixed hemodynamic response function.
The purpose of the oddball regressors was to capture any increase or de-
crease in the responses to oddballs beyond that captured by the boxcar
for the entire stimulus blocks. Finally, there were 3 polynomial regres-
sors for each scan. So if there were 8 scans, then there were 30 regressors
(4 stimulus conditions, 2 oddballs, and 8 sets of 3 polynomials).

Stimulus Apparatus

Stimuli were controlled using the publicly available software (https://
github.com/vistalab/vistadisp). Visual display devices were the same
as reported in Kay et al. (2013). Auditory stimuli were presented via
bone conduction using a Newmatic audio amplifier to drive piezo
transducers, positioned on the cheeks over the zygomatic bone (http://
cni.stanford.edu/wiki/MR_Hardware#Auditory_System).

MRI Data Acquisition

MRI data were collected at the Stanford Center for Cognitive and
Neurobiological Imaging using a 3-T GE Signa MR750 scanner and a
Nova 32-channel RF head coil. fMRI pulse sequence was single-shot,
gradient-echo EPI. Thirty-two slices (2.5 mm, no gaps) were acquired
roughly parallel to the calcarine sulcus. Scan parameters include:
field-of-view 160 x 160 mm; phase-encode direction anterior—posterior
(right-left in S3 and S6); matrix size 64 x 64; repetition time (TR) 2 s,
echo time (TE) 28 ms, flip angle 68°, and nominal spatial resolution
2.5x2.5%2.5 mm’.

Data Preprocessing

Data preprocessing, including the discarding of initial frames, slice-
timing and motion correction, field map-guided undistortion, and prin-
cipal component analysis (PCA) denoising, was as reported in Kay
et al. (2013), with one exception. Rather than using noise principal
components as nuisance regressors in the GLM, the data were first de-
noised by PCA to render a new, denoised data set; this denoised data
set was then used for the subsequent task-related GLM (https://github.
com/kendrickkay/ Available from: URL GLMdenoise).

Results

AVisually Evoked Response Within the Right TP]

To identify visually driven responses in the TPJ, we examined
the responses to visual and auditory stimuli from Experiment
1, collapsing across visual and auditory detection tasks. As ex-
pected, visual responses were robust near the occipital pole,
including primary visual cortex and extrastriate maps, and
auditory responses were robust in the lateral temporal cortex
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in a region encompassing planum temporale (PT) and Heschl’s
gyrus (Fig. 1).

A focal, visually evoked response was identified within the
right TPJ (Fig. 1, arrow). The activation was reproducible
across measurements, as indicated by the agreement between
the ROI definition and the measurements from Experiment 1
(Fig. 2). This response was found in the right TPJ in approxi-
mately the same anatomical location across subjects: in the
temporal operculum, sandwiched by the planum temporale
(PT; anterior to the vIPJ ) and the superior temporal gyrus
(inferior/posterior to the vIP)) (Figs 2 and 3; Supplementary
Fig. 1). The PT was identified as an approximately triangular
region which showed auditory responses, bounded on the an-
terior side by Heschl’s gyrus, on the inferior side by the lip of
the superior temporal gyrus, and posteriorly by the end of the
auditory activation.

In addition to this visually evoked response, there were
several nearby visual activations of lower amplitude that were
not consistent across subjects: for example, anterior to the
vTPJ near the supramarginal gyrus (S1 and S2), small patches
within the STS (S1), and on the STG, posterior to the vIPJ (S3)
(Fig. 2).

Visually Elicited Responses in the vTPJ Occur

in the Absence of a Visual Task

Next, we separated the effects of modality (visual/auditory
stimuli) and task (visual/auditory detection). We do so by sep-
arately examining the responses during the 2 tasks from Ex-
periment 1 within the vITPJ ROI defined in the localizer.

The visual stimulus evokes a response in the vIPJ during
both visual and auditory tasks. When the task pertained to the
visual stimulus, the BOLD time series and amplitude spectrum
show robust responses at 8 cycles per scan, the frequency of
visual stimulation; there is only a small response at 6 cycles per
scan, the frequency of auditory stimulation (Fig. 44). When
subjects perform the auditory task, the time series contains
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Figure 1. Location of a visually responsive area in the right TPJ of subject S1. (A)
Subjects were presented with a concurrent auditory and visual block design, at 2
different temporal frequencies, indicated by the red (visual) and blue (auditory)
checkerboard in the lower left schematic. Responses to visual and auditory stimuli are
shown on the smoothed right hemisphere (hot and cool colors, respectively). Just
posterior to the auditory activation is a visually driven response within the TPJ (vTPJ:
black arrow). The schematic in the inset shows the relationship between the auditory
activation (blue), the visual activation (red), and the nearby major sulci (black) and gyri
(light gray). PT, planum temporale; HG, Heschl's gyrus; STG, superior temporal gyrus;
STS, superior temporal sulcus; LF, lateral fissure.

frequency components at both the visual and auditory
stimulus frequencies. But even when subjects perform the
auditory task, the visual response is larger than the auditory
response (Fig. 4B). Hence, we consider the region visually
dominant.

Stimulus Sensitivity Differs Between vITPJ and V1

For the luminance-modulated stimulus, the pattern of vIPJ re-
sponses is similar to the V1 pattern across the 7 subjects (Ex-
periment 1). Both areas show a robust response to the
flickering grating, and for both areas the response is slightly
larger when subjects are engaged in a visual task compared
with an auditory task (Fig. 54, left panel). The response is
stimulus driven: even in the absence of a visual task, luminance
flicker elicits reliable responses in the vIP]J as well as V1.

When the visual stimulus changed to a drifting low-contrast
pattern (Experiment 2), the vIPJ responses changed substan-
tially (Fig. 54, right panel). The biggest difference between the
responses in the vIPJ to the 2 types of visual stimuli is during
the auditory task. The response to the luminance stimulus is
larger (0.5% BOLD increase) than that to the low-contrast
pattern (0.2%). This response difference was assessed for stat-
istical significance within each subject by bootstrapping; a
GLM was solved 1000 times for each of the 2 stimuli by ran-
domly sampling with replacement from the 4 scans of each
type. For 4 of 5 subjects, the bootstrapped beta values were re-
liably higher for the luminance stimulus than the low-contrast
stimulus (over 98% of comparisons), and for the fifth subject
higher in 88% of comparisons. These results indicate that, in
the absence of a visual task, a flickering luminance stimulus
drives response in the vIPJ more effectively than a low-
contrast drifting grating. In the presence of a visual task, both
stimuli elicit 1% BOLD responses that are more than several
standard deviations above baseline.

Because a modulating luminance pattern was used in the lo-
calizer scans to define the vIPJ ROIs, it might be the case that
the larger response to this pattern compared with the drifting
low-contrast pattern was due to biased voxel selection rather
than a general stimulus preference in this region. To check for
this possibility, we re-defined the vIPJ in the 5 subjects who
participated in both experiments by concatenating the time
series from Experiments 1 and 2, and contrasting the responses
to the visual stimuli in both experiments against the auditory
stimuli in both experiments (but only during the auditory task;
GLM 7% >20%, visual response > auditory response). This con-
trast results in largely similar ROI definitions, and a similar
pattern of responses, with a larger response to the luminance
modulation than the contrast pattern during the auditory task,
confirming the prior analysis (Supplementary Fig. 2).

The V1 stimulus selectivity differs markedly from that of the
VvTPJ. In V1, the response to the drifting low-contrast pattern is
much larger than that to the modulating luminance stimulus
(2% signal change compared with 0.8%, averaging across the 2
tasks), which is opposite the pattern observed in the vIPJ.
Moreover, unlike vIP]J, the V1 response to the drifting contrast
pattern does not depend on task.

Responses in additional visual field maps, hV4 (a ventral
map), and TO-1 [which overlaps area hMT+ (Amano et al.
2009)] show a pattern that is qualitatively similar to V1 (Supple-
mentary Fig. 3). Like V1 and unlike vTPJ, the responses are
larger for the drifting contrast pattern than the luminance
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Figure 2. Magnified views of the vIPJ and adjacent regions in 3 subjects. The activation maps show responses to visual and auditory stimuli in hot and cool colors, respectively.
The black outline shows the location of the vIPJ as identified in a separate, independent localizer scan. The agreement between the color map and the ROl indicates the reliability
across repeated measurements. The schematics below each map are as in Figure 1, showing the relationship between anatomical landmarks and functional activation. For each

subject, the vTPJ is identified posterior to the PT.

modulation. Both areas show increased responses to visual
stimuli during visual tasks compared with auditory tasks.

Oddball Detection in the vTPJ

The TPJ has been reported to be responsive to sensory oddballs,
an infrequent stimulus presented within a train of repeated
stimuli (Marois et al. 2000). The analyses reported above distin-
guished between stimulus “on” blocks and stimulus “off”
blocks, but did not consider the effect of oddballs. Because
oddballs only occurred during “on” blocks, it is possible that the
greater response to “on” than to “off” blocks was driven by
the oddball events only. To test this possibility, we reanalyzed
the data from Experiment 1 (luminance modulation), using a
GLM design that included 2 additional regressors, 1 for the
oddball during visual tasks (a 3-Hz rather than 4-Hz flicker),
and 1 for the oddball during the auditory task (falling rather
than rising tone). Because these analyses also include regressors
for the entire stimulus blocks, the weight on oddball regressors
indicates the amount by which the response to oddballs differs
from that to non-oddball stimuli. Unlike the analyses reported
above, we did not average the time series across repeated scans,
because the timing of the oddball stimuli was randomized
across scans. Because oddballs occurred at random times within
“on” blocks and did not occur in every “on” block, the oddball
events are independent of the “on”-“off” block design.

The effect of oddball events is small (0.1 % for auditory odd-
balls and 0.2% for visual oddballs; Fig. 6). This modulation is
significantly smaller than the response to visual stimuli irre-
spective of task (0.5% and 0.8% response to visual stimulus
during the auditory and visual tasks, respectively), and is
similar in amplitude to the response to auditory stimuli.
Hence, we confirm that there is a reliable but small increase in
the response to oddball stimuli compared with non-oddball

4 AVisual Subdivision of TP] . Horiguchi etal.

stimuli. The largest portion of the response in the vIPJ is due
to the visual stimulus rather than to the surprise arising from
the oddball stimulus.

Discussion

Parcellating the TPJ
Simple visual stimuli evoke a robust response within the right
TPJ (“vIPJ”). This region is <1 cm? much smaller than the
entire region referred to in the literature as TPJ (~50 cm?;
Fig. 14). One recent report parcellates the TPJ into a more an-
terior and posterior region, corresponding to deployment of at-
tention to external and internal stimuli, respectively (Bzdok
et al. 2013). However, even these regions span many cm? of
cortex and likely comprise multiple functional subdivisions.
There are several experimental methods that enable us to
identify this visually responsive subregion of the TPJ. First,
fMRI analysis was conducted at the level of the individual
subject, respecting the variation in sulcal and gyral patterns
across individuals, as well as other anatomical differences. Had
the data been analyzed in an anatomical template space, it is
unlikely that the vIPJ would have manifested as a focal loca-
tion reliably driven by visual stimuli. When we did co-register
the individuals to an MNI template (Brett et al. 2002), we
found considerable variability in the MNI coordinates of the
center of the VIPJ across subjects: 53+7, —35+5, 20+11
(mean £ SD, x, y, 2). The standard deviation of the center pos-
ition is large relative to the size of vIPJ. Because the vIPJ is
located close to auditory cortex and to multimodal regions
(Halgren et al. 1995; Downar et al. 2000; Ghazanfar and
Schroeder 2006; Beauchamp et al. 2008), averaging the re-
sponses in a template anatomy would cause the visually driven
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Figure 3. Location of vIPJ in all 7 subjects. The location of the vIPJ RO, as identified in a localizer scan, is shown in each of 7 subjects. The vIPJ (red) is posterior to the PT (blue)
and Heschl's gyrus (black), superior to the superior temporal sulcus (yellow), and posterior to the lateral fissure (white). The location of the VIPJ relative to anatomical landmarks is
similar across the 7 subjects. The location of the vIPJ relative to functional activations labeled “right TPJ” in the literature is shown in a template space (MNI) in the lower right.
Activations from 85 studies reported in Appendix table of Decety and Lamm (2007) are plotted in MNI coordinates (black dots). More recent studies are not included. Studies
reported in Talairach coordinates were converted to MNI coordinates via non-linear transform method. The 2 SD ellipsoid of the 3D locations is shaded in light green and
encompasses a region of >30 mm along each of its 2 longest axes. The mean and SD of the MNI coordinates of vIPJ locations from the 7 subjects in this study are plotted as a
red circle and black error bars. The vTPJ is within the region normally referred to as “TPJ” and is relatively anterior and inferior to the centroid of this region.

responses to be intermingled with responses to other modal-
ities, making the region look less visually selective than it is. In
fact, the closest reported MNI coordinates to the mean coordi-
nates in our study come from a multimodal attention paper
(Downar et al. 2000; see Decety and Lamm (2007) for review
of TPJ activations).

Secondly, measuring auditory responses provides an import-
ant functional landmark within each individual; identifying the
VvTPJ relative to auditory cortex increases our confidence that we
have identified the corresponding region across the observers.

Thirdly, a block design provides high signal-to-noise, com-
pared with event-related, designs (Liu et al. 2001).

Finally, the stimulus choice is likely important. For primary
visual cortex, contrast patterns such as the moving dartboard
used in Experiment 2 are much more efficient at driving BOLD
responses compared with low spatial frequency flicker;
however, the pattern in vIPJ was the opposite, with the lumi-
nance modulating stimulus producing the larger response.

Future work may show that the vIPJ itself may be parcel-
lated further, if for example, it contains a retinotopic map.
A suggestion of this possibility can be seen in one subject’s
data during attention conditions in retinotopic mapping
studies (Saygin and Sereno 2008; Fig. 6, subj 9). Reliably

identifying a retinotopic map in the VvIPJ is challenging
however, for several reasons. First, the area is small, so that
there are few voxels to represent the different portions of the
visual field. Secondly, the stimuli and task required for efficient
mapping of this area likely differ from those used for identify-
ing maps in occipital cortex. Thirdly, even if there is spatial
tuning of the neurons in this region, they may not be arranged
in a topographic map on the cortical surface. Many visual areas
have been identified prior to the discovery that the areas
contain spatial selectivity and/or retinotopic maps, including
MT (Kuypers et al. 1965), the V4 complex (Meadows 1974;
Lueck et al. 1989), the fusiform face area (Kanwisher et al.
1997), the parahippocampal place area (Epstein and Kanw-
isher 1998), and the visual word form area (Cohen et al. 2000).

TPJ in Visual Awareness

The vTP]J responses we observed may be part of a system that
responds when the subject experiences visual awareness.
A recent report using electrocorticography links the TPJ to
visual awareness (Beauchamp et al. 2012), and our fMRI
results are consistent with those findings. When subjects
viewed a grating that flickered in mean luminance, a robust
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Figure 4. Response in the vTPJ to luminance modulation and tones across 7 subjects. The ROl was defined in the localizer. Data are plotted from Experiment 1. (A) The mean
BOLD responses to visual and auditory stimuli in the vTPJ during a visual task. The BOLD time series (mean, black solid line; SE, gray shading) shows a clear pattern of 8 cycles/scan
(Ieft panel); this pattern is reflected in the frequency domain as a peak at 8 cycles/scan (right panel). The middle inset shows sinusoids at the frequencies of the visual and auditory
stimuli. (B) The BOLD response during the auditory task reflects both the visual stimulus (8 cycles/scan) and the auditory stimulus (6 cycles/scan); the largest amplitude response is
at the frequency of the visual stimulus, indicated by the peak at 8 cycles in the spectral plot (right).
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Figure 5. BOLD responses in the vIPJ and V1 depend on task and stimulus properties. (A) Plots show mean beta values + SEM from a GLM fit to the BOLD response averaged
across 7 subjects (luminance modulation experiment) and 5 subjects (drifting contrast experiment). The response to a luminance-modulated grating is similar in vIPJ and V1 (left
panel). In each region, there is a reliable BOLD response during the visual task and a smaller but robust response during the auditory task. A drifting low-contrast pattern with
constant mean luminance produces a different pattern of results (right panel). The response in V1 to the contrast pattern is much larger than that to the luminance pattern and is
not modulated by task, whereas the vIPJ response is less for the contrast pattern than the luminance pattern. (B) The upper panel shows a frame of the luminance stimulus when
the contrast is maximal. During “on” blocks, half of the bars were black and half modulated between black and white, creating a large modulation in mean luminance. The lower
panel shows the low-contrast drifting dartboard pattern. The contrast is increased in one quadrant to enhance visibility in the figure. The arrows indicate direction of drifting motion.

response was reliably observed in the vIPJ. Even when the
subject’s task was directed to another sensory modality (audi-
tion), the visual stimulus elicited a response in the VIPJ.
Models of bottom-up visual salience indicate that luminance
flicker is a powerful attentional cue (Carmi and Itti 2006). In
our experiments, even when the luminance flicker is irrelevant

6 AVisual Subdivision of TPJ . Horiguchi et al.

to the task, it may reach visual awareness, in part by producing
a response in the vIPJ.

However, not all visual stimuli elicit robust responses in the
vTPJ. The response to the low-contrast grating (Experiment 2)
was weak when it was not task relevant. Unlike the case of the
luminance modulation, when the low-contrast pattern was not
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Figure 6. Effect of stimulus oddball on BOLD responses in the vIPJ. Plots show the
mean beta values across 7 subjects (=SEM) from a GLM fit to the BOLD time series
in the vTPJ for Experiment 1. The largest responses are to the visual stimulus (open
bars) regardless of task.

relevant for the task, it may fail to capture attention. When the
contrast pattern was relevant for the task (visual oddball detec-
tion), the vTPJ response was large, indicating that the vTPJ is
responsive to attended stimuli.

Future experiments designed to manipulate visual aware-
ness are needed to test the hypothesis that the vIPJ identified
here is the same region shown to support visual awareness in
stimulation studies (Beauchamp et al. 2012).

Rethinking the Role of TPJ in Visual Attention

Our results differ from previous studies claiming that the right
TPJ is involved in responses to visual stimuli only when they
are relevant for a task (Corbetta et al. 2008). Had we run only
the experiment with low-contrast gratings, we might have con-
cluded that there is little response to task-irrelevant visual
stimuli in the vTPJ, consistent with prior claims (de Fockert
et al. 2004; Indovina and Macaluso 2007; Corbetta et al. 2008);
however, the flickering luminance stimulus evokes a large, reli-
able response even when subjects were engaged in an auditory
task. Moreover, the low-contrast stimulus evoked a powerful
vTPJ response when the stimulus was task-relevant. Hence, it
appears that the vIPJ can be strongly driven by salient visual
stimuli and by attended stimuli. This vIPJ response pattern can
be contrasted with primary visual cortex, where responses are
strongly stimulus driven. The low-contrast dartboard pattern
used in Experiment 2 produced large and reliable responses in
V1 whether or not it was task-relevant.

TPJ in Extinction and Neglect
Consistent with the notion that regions within the TPJ are im-
portant for visual awareness are the findings that lesions in this

region can create deficits of visual awareness including hemi-
spatial neglect and visual extinction (Karnath and Rorden
2012). Lesion studies have limited precision in identifying the
anatomical substrate of these conditions. One widely held
view has been that the cortical substrate of neglect and extinc-
tion is a right posterior parietal lobe (Heilman et al. 1983;
Vallar and Perani 1986); however, this view has been chal-
lenged, with the claim that the substrate for neglect lies in the
temporal lobe and not in the parietal lobe (Karnath et al. 2001)
or the junction between right temporal and parietal lobe (TPJ)
(Karnath et al. 2003). The region we have identified, vIPJ, is
located in the temporal operculum and not in the parietal lobe
(Supplementary Fig. 1). If this region plays a critical role in
visual awareness, then our results provide a possible explan-
ation of why lesions to right superior temporal cortex would
contribute to deficits in visual awareness of stimuli in the left
hemifield. Further experiments are needed to directly test the
spatial selectivity of the vIPJ and its role in visual awareness.

Conclusions

The vIPJ is a region within the right TPJ that responds power-
fully to salient visual stimuli and to attended visual stimuli.
Salient visual stimuli signal importance by their visual proper-
ties; attended visual stimuli are important because of their role
in an ongoing task. The vIPJ responds to both and may play a
role in generating awareness of these different types of signifi-
cant visual stimuli. Using an individual localizer approach is
critical for identifying this region, because it is small and its lo-
cation in a standard template brain varies across individuals.
The precise localization of visually evoked signals in the TPJ
will be helpful in clarifying the role of the TPJ in visual aware-
ness and associated disorders.
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