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Fiori F, Candidi M, Acciarino A, David N, Aglioti SM. The right
temporoparietal junction plays a causal role in maintaining the internal
representation of verticality. J Neurophysiol 114: 2983-2990, 2015. First
published September 23, 2015; doi:10.1152/jn.00289.2015.—Perception
of the visual vertical is strongly based on our ability to match visual
inflow with vestibular, proprioceptive, tactile, and even visceral in-
formation that contributes to maintaining an internal representation of
the vertical. An important cortical region implicated in multisensory
integration is the right temporoparietal junction (rTPJ), which also is
involved in higher order forms of body- and space-related cognition.
To test whether this region integrates body-related multisensory
information necessary for establishing the subjective visual vertical,
we combined a psychophysical task (the rod-and-frame test) with
transient inhibition of the rTPJ via continuous theta burst stimulation
(cTBS). A Gabor patch visual detection task was used as a control
visual task. cTBS of early visual cortex (V1-V3) was used to test
whether early visual cortices played any role in verticality estimation.
We show that inhibition of rTPJ activity selectively impairs the ability
to evaluate the rod’s verticality when no contextual visual informa-
tion, such as a frame surrounding the rod, is provided. Conversely,
transient inhibition of V1-V3 selectively disrupts the ability to visu-
ally detect Gabor patch orientation. This anatomofunctional dissoci-
ation supports the idea that the rTPJ plays a causal role in integrating
egocentric sensory information encoded in different reference systems
(i.e., vestibular and somatic) to maintain an internal representation of
verticality.

rod and frame; multisensory integration; TPJ; TMS

ONE OF THE MOST SURPRISING abilities of the human brain is the
ease with which different sources of information are combined
within unique, robust, and reliable percepts (Ernst and Biilthoff
2004). Representing the orientation of our head and body in
space is one of the strongest examples of multisensory inte-
gration (Blanke 2012). The perception of verticality requires a
complex integrative mechanism of visual, vestibular, and so-
matic (proprioceptive/visceral/tactile) information relative to
gravity (Mittelstaedt 1996). Accordingly, the ability to repre-
sent verticality depends on both accurate processing of uni-
modal sensory inputs from these modalities and the integrity of
brain stem and cortical systems engaged in their integration
(Yelnik et al. 2002). The subjective visual vertical is the most
widely used index for testing verticality perception, which is
typically studied using the rod-and-frame task (RFT; Asch and
Witkin 1948) or its variants (Baccini et al. 2014; Docherty and
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Bagust 2010; Kheradmand et al. 2015; Lopez et al. 2000).
Human and animal studies indicate that the posterior insular
cortex, inferior parietal lobule, and superior temporal gyrus are
key areas involved in combining vestibular inputs with other
sensory information (Angelaki and Cullen 2008; Lopez and
Blanke 2011). Crucially, somatic information is known to be
essential for subjective visual vertical estimation (Anastasopoulos
et al. 1997; Barra et al. 2012; Kaptein and Van Gisbergen 2004),
possibly because of its important role in head and body position
processing. Moreover, the cortical regions involved in spatial
body representation (Blanke et al. 2005) partially overlap with
areas involved in processing and integrating vestibular inputs in
the right temporoparietal junction (rTPJ), a higher order brain
region that is also known to be essential for higher order, body-
related and spatial, cognitive functions (e.g., perspective taking,
attention reorienting, self/other distinction, moral reasoning, in/
out-group processing; Chang et al. 2013; Koster-Hale and Saxe
2013; Ruby and Decety 2003; Santiesteban et al. 2012).

Thus far, only one study using noninvasive brain stimulation
in healthy participants has investigated the causal role of
specific cerebral regions in estimating the visual vertical
(Kheradmand et al. 2015). In the present work we expand on
this study by adopting a continuous theta burst stimulation
(cTBS) paradigm to explore the causal contribution of the rTPJ
in solving a multisensory (i.e., somatic, vestibular, and visual)
verticality task (RFT) where the presence and the orientation of
visual contextual information is manipulated. To confirm the
specificity of the involvement of rTPJ in vertical representa-
tion, we used a control task in which participants were re-
quested to report the orientation of visual Gabor patches based
on low-level visual features (e.g., contrast). Moreover, we used
a control site consisting of stimulation of primary visual areas
(early visual cortex, likely including stimulation of V1-V3
regions; Rahnev et al. 2013). We found a clear anatomofunc-
tional dissociation, with early visual cortex playing a causal
role in the Gabor patches visual detection task but no role in the
verticality task, and the rTPJ playing a crucial role in verticality
judgments when the integration of vestibular, somatic, and visual
cues was needed (internal representation of verticality) but being
less involved when this estimation was based on visual informa-
tion alone (external representation of verticality).

MATERIALS AND METHODS
Participants

Twenty participants (13 women) took part in this study (mean age
27.5 yr, range 20—41 yr). All participants except one were right
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handed (Briggs and Nebes 1975) and had normal or corrected-to-
normal vision. Participants gave their informed consent before begin-
ning the study. The experimental procedures were approved by the
Ethical Committee of the Fondazione Santa Lucia (Rome, Italy), and
the study was performed in accordance with the 1964 Declaration of
Helsinki. Participants were paid 7.50 €/h, were naive as to the aim of
the experiment, and were informed of the purpose of the study only
after all the experimental procedures were completed. None of the
participants had psychiatric, neurological, or medical problems or any
contraindications to repetitive transcranial magnetic stimulation
(TMS) (Rossi et al. 2011; Wassermann 1998). No discomfort or
adverse effects during TMS were reported or noticed in any partici-
pants.

Procedure

The entire experiment lasted about 4 h, during which subjects
underwent continuous theta burst stimulations (cTBS). Three stimu-
lation conditions (rTPJ; sham, with the coil positioned approximately
on the vertex; and V1-V3) were each followed by two behavioral
tasks (the RFT and a visual task in a counterbalanced order across
sites and participants). The order of stimulation over rTPJ and V1-V3
was counterbalanced across the subjects, whereas the sham stimula-
tion was performed between the two real stimulations in all partici-
pants. There was at least a 1-h time interval between each ¢TBS. This
procedure allowed us to avoid any carry-over effects of prior cTBS for
each of the stimulation conditions (Huang et al. 2005).

Experimental Tasks

Rod-and-frame task. A standard rod-and-frame (RF) device was
used for the task (Zoccolotti et al. 1997) (see Fig. 1A for a schematic
representation of the apparatus). Each side of the squared frame
measured 96 cm, and a single 15-cm-long rod was anchored at the
center of the frame. Both the frame and the rod were outlined with
1.2-cm-wide fluorescent tape and were the only visible elements in a
completely darkened room during task performance. The frame sub-
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tended a visual angle of 34° and the rod a visual angle of 5°.
Participants (who had their eyes closed) were led into a pitch-black
room and seated on a chair in front of the apparatus. The distance
between their eyes and the rod was 160 cm. The starting angle of the
rod (and that of the frame) was controlled for by having on the back
of the apparatus (where the experimenter was located) a goniometer
that allowed the experimenter to position the rod (and the frame) in
the desired position. Although the movements were manual, the lever
on the back of the apparatus used to rotate the rod and the frame did
not make any audible noise. The experimenter asked participants to
open their eyes and give verbal instructions about how to adjust the
rod to the earth-vertical. No time limit or limited number of chances
per trial were given to participants, who were asked to stop the
experimenter when they believed the rod was in the vertical position.
However, before starting the data collection, the experimenter ex-
plained to the participants that it was important to respond as quickly
as possible. Once participants estimated the rod’s vertical position, the
experimenter asked them to close their eyes again and arranged the
setting for the following trials. In different experimental conditions,
the frame could be tilted [33° clockwise (CW) or counterclockwise
(CCW)], upright (0°), or absent, for a total of three frame conditions
(TILTED/UP/NO frame). Within each of these three conditions, the
rod was tilted 22° CW or CCW for a total of 8 trials per condition (4
with the rod tilted CW and 4 CCW). Please note that the values are
analogous to those used by Zoccolotti et al. (1997), David et al.
(2014), and Fiori et al. (2014). The conditions were presented
randomly.

Based on a priori hypotheses and preliminary data analyses (see
below), CW and CCW rod conditions were averaged together within
each frame condition. Similarly, CW and CCW TILTED frame
conditions were averaged together. Participants were asked to adjust
the rod to the earth gravitational vertical by verbally guiding the
experimenter (i.e., saying “right-left”) in rotating the rod (see Fig. 1A).

Visual detection task. The Gabor patches task consisted of the
identification of the minimum time threshold needed by participants to
correctly detect the orientation of a vertical or horizontal Gabor patch.
The stimuli were linearly masked by a Gaussian distributed noise of
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accuracy >2mm  accuracy <2 mm

waiting for key press

Z2=21.89£1.45
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Fig. 1. A: example trials of the rod-and-frame test (RFT). From fop to bottom are shown the upright (UP), tilted (TILTED), and no (NO)-frame conditions. B:
example of trials of the visual Gabor orientation detection task. The Gabor was displayed for a period based on a QUEST algorithm for establishing an
individual’s perceptual threshold. C: the coil position was kept constant throughout the 20 s of stimulation by a stereotaxic navigation system that provided a
3-dimensional online feedback through which an accuracy threshold of <2 mm concerning the stimulation site was obtained (correct position shown at right).
D: stimulation site of the right temporoparietal junction (rTPJ) in Talairach coordinates.
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binary values of white and black, with a density of 90%. Gabors had
a frequency of 0.26 c/degree, and the Gaussian envelope standard
deviation was 50 pixels for both the horizontal and vertical orienta-
tions with an amplitude of 0.5. Detecting the orientation of the Gabor
patches is not influenced by the integration of vestibular, propriocep-
tive, and visceral information and is basically resolved at the level of
the primary visual cortex. This task was thus used to measure the role
of V1-V3 and rTPJ in resolving a purely visual task and to exclude
the possibility that any effect found in the RFT after inhibition of the
r'TPJ could be attributed to low-level visual functions. The experiment
was run on MATLAB 7.0 using the Psychtoolbox extension for
Windows (Brainard 1997; Pelli 1997). The QUEST algorithm (Wat-
son and Pelli 1983) was used to adjust the duration of Gabor
presentation on a trial-by-trial basis (so as to maintain individuals’
performance at an accuracy of 80%), which was used as the dependent
variable in the analysis. Gabor patches were presented via a LaCie
Electron blue II 19-in. CRT monitor with a resolution of 1,024 X 768
pixels. Observers were seated in an erect position 50 cm away from
the monitor, and the Gabor patches subtended a visual angle of 5° (see
Fig. 1B).

Brain Stimulation

Resting motor threshold. Stimulation intensity during cTBS was set
according to individuals’ resting motor threshold (rMT). Participants
wore a tight-fitting swim cap on which stimulation points were
marked. Motor evoked potentials (MEPs) were recorded from the first
dorsal interosseous (FDI) muscle of the right hand. Surface Ag-AgCl
electrodes were placed in a belly-tendon montage with the active
electrode placed over the muscle belly and the reference over the
interphalangeal joint. Electromyographic (EMG) signal was amplified
at a gain of 1,000X by a Digitimer D360 amplifier (Digitimer),
bandpass filtered (20 Hz-2.5 kHz), and digitized (sampling rate 10
kHz) by means of a CED Power 1401 controlled with Spike2 software
(Cambridge Electronic Design). TMS was delivered by means of a
Magstim model 200 Monopulse machine (Magstim, Whitland, UK)
via a 70-mm figure-of-eight coil. The rMT, defined as the lowest
intensity able to evoke 5 of 10 MEPs with an amplitude of at least 50
wV, was determined by holding the stimulation coil over the optimal
scalp position (OSP). The OSP for inducing MEPs in the right FDI
muscle was found by moving the coil in steps of 1 cm, tangentially to
the skull, over the left primary motor cortex with the handle pointing
backward and laterally at a 45° angle to the sagittal plane, until the
largest MEPs were found. Participants’ tMT ranged from 31% to 55%
(mean 41.8%, SD 6.1%) of the maximum stimulator output.

cTBS Protocol

The protocol used for cTBS (Huang et al. 2005) consisted of trains
of 3 pulses at 50 Hz, each delivered every 200 ms (i.e., at 5 Hz) for
20 s (300 pulses in total) at 80% of rMT. We chose to use the “short”
c¢TBS procedure (20 s of stimulation, 300 pulses) as described in
Huang et al. because the inhibitory effect lasts about 20 min after the
end of stimulation (Huang et al. 2005), a time window during which
participants could complete the experimental tasks. cTBS intensity
ranged between 28% and 44% (mean 34.72%, SD 6.5%) of the
maximum stimulator output. Coil position was identified on each
participant’s scalp with the SofTaxic Navigator System (E.M.S.,
Bologna, Italy). Skull landmarks (nasion, inion, and 2 preauricular
points) and 65 points were used to create a uniform representation of
the scalp and were digitized by means of Polaris Vicra optical tracking
system (NDI, Waterloo, ON, Canada). Talairach coordinates were
automatically estimated by the SofTaxic Navigator from an MRI-
constructed stereotaxic template. The scalp location that corresponded
best to r'TPJ was established by means of a selected group of imaging
(Bense et al. 2001; Dieterich et al. 2003; Emri et al. 2003; Miller et al.
2008; Miyamoto et al. 2007; Schlindwein et al. 2008), TMS (Blanke
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et al. 2005; Bosco et al. 2008; Tsakiris et al. 2008), neurophysiolog-
ical (Kahane et al. 2003; Matsuhashi et al. 2004), and meta-analysis
studies (Jakobs et al. 2012) tapping vestibular, proprioceptive, and
multisensory integrative functions. Mean (SD) chosen Talairach co-
ordinates corresponded to x = 58.61 (SD 4.48), y = —39.12 (SD
13.03), z = 22.15 (SD 3.70), and the group averages of the stimulated
area were x = 60.68 (SD 1.60), y = —36.68 (SD 5.27), z = 21.89 (SD
1.45) (see Fig. 1C). For V1-V3, the stimulation point was localized
2.8 cm above the inion (Salminen-Vaparanta et al. 2012). It should be
noted that although this location is thought to be over V1, it may also
fall over areas close to V1, such as V2 (Silvanto et al. 2005). TMS was
performed by means of 70-mm figure-of-eight coil connected to a
Magstim Rapid machine (Magstim). The coil plane was oriented
tangentially to the scalp, with the handle pointing upward and 45°
backward. Participants wore earplugs to attenuate the sound of the
TMS pulses. The position of the stimulation projection on the brain
surface was continuously checked during cTBS of both stimulation
sites (r'TPJ and V1-V3) via SofTaxic Navigator System (E.M.S.).

Data Handling

All statistical analyses were performed with SPSS for Windows
(version 22.0; SPSS, Chicago, IL).

Rod-and-frame. Individuals’ absolute deviation (i.e., errors) in
evaluating the verticality of the rod with respect to the gravitational
vertical relative to earth was measured in angle degrees (°) and used
as the dependent variable. Individuals’ errors that fell below or above
three SD from each frame conditions were removed as outliers (0.9%
of the total). Data were not normally distributed, and therefore
nonparametric tests were used (Friedman’s ANOVA and Wilcoxon
signed-rank test). A Wilcoxon signed-rank test was used to determine
whether there was a difference between CW and CCW rod positions
in each frame condition (TILTED/UP/NO frame) and between CW
and CCW frame orientations in the TILTED frame condition. None of
these comparisons reached significance, and CW and CCW rod trials
were collapsed together, as well as CW and CCW frame trials in the
frame TILTED condition.

Visual detection task. The log-transformed time needed by partic-
ipants to detect the correct Gabor patch orientation (horizontal vs.
vertical) with an accuracy of 80% was used as a dependent variable.
Data were not normally distributed, and therefore nonparametric tests
were used. One subject was excluded from the analysis due to a
technical issue.

RESULTS
Rod-and-Frame Test

Friedman’s ANOVA showed a significant difference in the
ranks of errors (°) for the frame conditions (TILTED/UP/NO
frame) as a function of the three stimulation sites [sham/V1-
V3/rTP]J, X2(8) = 61.246, P < 0.001]. Wilcoxon signed-rank
tests were used to follow up this interaction, and Bonferroni
correction was applied to disclose significant differences (cor-
rected P = 0.0014).

For the sake of clarity, descriptive statistics are reported in
Table 1. In the text below, all the comparisons are described
either /) within the same frame condition across different sites,
to show the impact of different sites of stimulation when the
task was controlled for, and 2) within each site of stimulation
across different frame conditions, to show the impact of dif-
ferent tasks when the stimulation site was controlled for (Fig.
2). All other comparisons are reported in Tables 2 and 3.

Within-frame comparisons. Larger errors were found in the
NO,1p; condition compared with the NO (2-tailed Wil-

sham
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Table 1. Summary of descriptive statistics for RFT dependent variables

TILTED, . UPham NOum TILTEDy, vs3 UPy)_vs NOy; vs TILTED, 1y UP,rpy NO,1py
Median 1.500 0.875 1.250 1.625 1.062 1.062 1.875 1.375 2.134
Min 0.750 0.286 0.375 1.000 0.625 0.375 0.375 0.625 0.500
Max 2.625 1.375 2.500 2.750 2.500 2.500 3.125 2.714 3.000
IQR 1.156 0.706 0.594 0.844 0.812 1.094 0.969 0.875 1.094

Values are the median, minimum (Min) and maximum (Max), and interquartile range (IQR) of individuals’ absolute deviation (errors, in angle degrees) in
evaluating verticality for all rod-and-frame task (RFT) dependent variables: tilted (TILTED), upright (UP), or no (NO) frame with sham, early visual cortex

(V1-V3), or right temporoparietal junction (rTPJ) stimulation.

coxon signed-rank test, n = 20, Z = —3.488, P = 0.0005) and
the NOy,_y3 condition (2-tailed Wilcoxon signed-rank test,
n =20,Z = —3.421, P = 0.0006). No difference was found
between NOg;,,., and NOy,,_y5 (P = 0.284); thus the stimula-
tion of rTPJ impairs the ability to establish the vertical when no
external visual information is available (with respect to both
sham and V1-V3 stimulation).

Errors between TILTED,,,, TILTEDy;, y3, and TILT-
ED,p; did not differ statistically (TILTEDy,;_y5 vs. TILTED,,,
P = 0.285; TILTED,yp; vs. TILTEDy, y3, P = 0.131;
TILTEDg,,m, VS. TILTED,p;, P = 0.034, respectively). Thus
the stimulation site did not change individuals’ ability to es-
tablish the vertical when tilted contextual visual information
was available.

Performance in UP,,,, was significantly better than that in
UP,1p; (2-tailed Wilcoxon signed-rank test, n = 20, Z =
—3.341, P = 0.0008); the difference between UP, and
UPy,,_y3 did not survive multiple comparisons (P = 0.009).
The difference between UPy,,_y3; and UP,p; did not reach
significance (P = 0.214). Thus the stimulation of rTPJ impairs
the ability to establish the vertical when vertical visual infor-
mation is available, but only with respect to a sham
stimulation.

Within-site comparisons. Participants performed better after
the UP, ., condition compared with the TILTEDy,,,,,, condition
(2-tailed Wilcoxon signed-rank test, n = 20, Z = —3.874, P =
0.0001), whereas the comparisons between NOy,,, and UP,
and between NOy,,,, and TILTED,, ., did not survive multiple
comparison corrections (P = 0.005 and P = 0.009, respec-
tively). Thus, when no brain area is inhibited, errors in the
TILTED condition are larger than in the UP condition, as
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Fig. 2. RFT results. Displayed is the median value (central line of box) of the
errors. On the x-axis, stimulation sites (sham, V1-V3, rTPJ) are grouped by
frame condition. Bars represent the error range; the filled part of the box
represents errors from the 25th percentile to the median value, whereas the
open part of the box represents errors from the median value to the 75th
percentile. Asterisks in the plots indicate significance levels (***P < 0.001).

found in previous studies (Fiori et al. 2014; Lester and Das-
sonville 2014; Lopez et al. 2006; Zoccolotti et al. 1997).

There was no statistically significant difference after V1-V3
stimulation (UPy_y3 vs. TILTEDy,_y5; P = 0.015; NOy_y3
vs. UPy_y3 P = 0.532; NOy_y3 vs. TILTEDy, y5 P =
0.058). Thus V1-V3 inhibition seems to abolish the difference
between TILTED and UP frame conditions.

No significant differences were found between all tested
frame conditions after rTPJ stimulation (UP.p; vs. TILT-
ED,1py, P = 0.107; NO,1p; VS. UP,1pj, P = 0.24; NO,p; VS.
TILTED,rpy, P = 0.697). Thus rTPJ inhibition seems to
abolish the difference between TILTED and UP frame
conditions.

Overall, these results indicate worse performance in the NO
frame condition after rTPJ stimulation with respect to sham
and V1-V3 stimulation. Similarly, rTPJ stimulation impairs
verticality judgements when the task is performed in the UP
frame condition (i.e., when vertical contextual visual informa-
tion is available) with respect to sham stimulation. No such
effect is found when the frame is tilted. It thus appears that the
rTPJ plays a crucial role in verticality judgements when no
contextual visual information is available, and individuals need
to strongly rely on the integration of vestibular, proprioceptive,
and visual cues and match them against an internal frame of
reference. At the same time, when vertical contextual visual
information is provided and might be used to solve the task,
rTPJ activity seems to be necessary to some extent. Further-
more, stimulation of both V1-V3 and rTPJ seems to abolish
the known biasing effect of tilted contextual information.

Visual Detection Task.

Friedman’s ANOVA showed a significant difference in the
time of presentation (milliseconds) needed by participants to

Table 2. P values of all comparisons between different frame
conditions for RFT

P Value

TILTED frame

TILTEDy,,, vs. TILTEDy,_y3 0.285

TILTEDg, ., VS. TILTED,1p; 0.034

TILTED,p; vs. TILTEDy,|_y3 0.131
UP Frame

UPam Vs. UPy_y3 0.009

UPgam VS. UP1p; 0.0008

UP,py vs. UPy_y3 0.214
NO Frame

NOyham Vs. NOy | _v3 0.284

NOgham VS- NO,1py 0.0005

NO;py vs. NOy,|_y3 0.0006

Bonferroni corrected significant P < 0.0014.
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Table 3. P values of all comparisons between different
stimulation site conditions for RFT
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Table 4.  Summary of descriptive statistics for all visual task
dependent variables

P Value Visual Taskg,,m Visual Tasky/y» Visual Task,p;
Sham Median 117.490 186.209 91.201
TILTED,,,, vS. UP,..0 0.0001 Min 45.709 36.308 43.652
TILTED,,,,, vS. NOgom 0.005 Max 870.964 2290.868 1698.244
UP,,. vS. NOym 0.009 IQR, ms 110.940 110.220 159.578
V1-V3
TILTEDy,,_y3Vs. UPy,_y3 0.015 Values are the median, Min and Max, and IQR of time to detect correct
TILTEDy,,_y3 vs. NOy,_v3 0.058 Gabor patch orientation for all visual task dependent variables.
UPy_y3 vS8. NOy o 0.532
rTPI perceive horizontal or vertical visual gratings was explored by
TILTED, 1p,vs. UP,1p; 0.107 ki . . Gab h ori . K
TILTED,;py vs. NO,rps 0.697 asking partlclp.ants to per orm a Gabor patc. .orlentatlop.tas .
UP,1p; V5. NOypy 0.024 Interference with rTPJ activity reduced participants’ ability to

Bonferroni corrected significant P < 0.0014.

detect the correct orientation of Gabor patches after cTBS of
the three sites [sham/V1-V3/rTPJ, XZ(Z) = 10.211, P = 0.006;
Fig. 3]. Descriptive statistics are summarized in Table 4.
Wilcoxon signed-rank tests were used to follow up this finding,
and Bonferroni correction was applied (corrected P = 0.017).
Participants needed more time to detect the correct Gabor patch
orientation after V1-V3 stimulation compared with sham stim-
ulation (2-tailed Wilcoxon signed-rank test, n = 19, Z =
—2.575, P = 0.010). No significant difference was found
between the time required after sham and rTPJ ¢cTBS (P =
0.748). The difference between performance after V1-V3 and
TPJ cTBS did not survive multiple comparisons (P = 0.033).
All results are summarized in Table 5.

DISCUSSION

We used repetitive interferential TMS to investigate the
causal role of rTPJ and primary visual cortices in a multisen-
sory verticality estimation task and in a in a visual Gabor
patches detection task. The ability of individuals to vertically
orient a rod using visual, vestibular, and somatic information
was explored with the RFT, whereas the ability to visually
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Fig. 3. Visual task results. Displayed is the median value (central line of box)
of the time needed by participants to correctly identify the Gabor orientation
after each stimulation condition. Bars represent the time range; the filled part
of the box represents values from the 25th percentile to the median (fills
indicate stimulation sites as denoted in Fig. 2), whereas the open part of the
box represents values from the median to the 75th percentile. For better
readability of the graph, milliseconds on the y-axis are distributed on a
logarithmic scale. Asterisks in the plots indicate significance levels (*P <
0.05).

orient the rod vertically, especially when no contextual visual
information was provided or when visual contextual information
was vertical. Conversely, transient interference with V1-V3 ac-
tivity increased the time needed to visually detect the orientation
of degraded Gabors. Thus interfering with the activity of rTPJ
but not V1-V3 influenced the perception of the subjective
vertical. This anatomofunctional dissociation supports the idea
that the rTPJ plays an essential role in establishing the subjec-
tive vertical when information from visual, vestibular, and
somatic channels needs to be integrated (i.e., RFT). Con-
versely, activity of V1-V3 seems necessary for detecting the
orientation of visual stimuli in the absence of any relevant
contribution of vestibular and somatic modalities.

Internal Vertical Representation in rTPJ

Verticality judgment is mainly viewed as a bottom-up pro-
cess based on the integration of inputs coming from vestibular
(Borel et al. 2008; Lopez et al. 2007), visual (Dichgans et al.
1972; Guerraz et al. 1998), and somatosensory systems (Bar-
bieri et al. 2007; Barra et al. 2010). The vestibular system is
thought to contribute to representing an invariant frame of
reference based on gravitational vectors. Visual cues are nec-
essary to build an allocentric frame of reference, whereas the
somatic system provides information about the position of the
head-body in space, an ability that seems fundamental for
mapping external stimuli according to an egocentric frame of
reference (Li et al. 2014). Many conditions that modulate the
activity of the vestibular system (e.g., head torsions or body
sway) also activate other sensors such as body (neck) proprio-
ceptors and/or tactile receptors (Barra et al. 2012; Chen et al.
2013). It is worth noting that proprioceptive-vestibular inputs
are continuously integrated in the brain stem with signals from
muscles, joints, skin, and eyes (Angelaki et al. 2009). The close
link between these different signals makes it extremely difficult
to disentangle the respective contributions of proprioceptive
and vestibular systems. Thus the ability to orient a rod in a

Table 5. P values of all comparisons between different
stimulation site conditions for visual task dependent variables

P Value
Visual tasky,_y3 vs. Visual tasky,,, 0.010
Visual taskg,,,, vs. Visual task,rp; 0.748
Visual tasky,_y3 vs. Visual task,py 0.033

Bonferroni corrected significant P < 0.017.
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vertical position is necessarily based on the integration of
visual information with multisensory internal, somatic, and
vestibular representations of verticality. An important aspect of
our study is that we used a large frame device to lead partic-
ipants to interpret its axes as a surrogate of the main axes of the
environment (Dilorenzo and Rock 1982). Tellingly, visual
displays subtending more than 20° are thought to stimulate
visuovestibular interactions, whereas visual mechanisms seem
to be prominent in guiding evaluation of the axes orientation
(for a review, see Spinelli et al. 1991). Furthermore, we added
a no-frame condition to the classical upright- and tilted-frame
conditions, similar to the one used by Lopez et al. (2006). This
procedure allowed us to remove the presence of external
information and to make it more likely that the task was
accomplished on the basis of an internal representation of
verticality. We speculated that the subjective visual vertical
estimation in this condition would mainly involve the TPJ,
given its role in the integration of vestibular and somatic
signals coming from the head and the body with visual infor-
mation concerning the rod. Our hypothesis was that, given the
absence of contextual visual information in the no-frame con-
dition, participants might solve this condition especially on the
basis of their ability to use an egocentric frame of reference.
Crucially, within the no-frame condition, errors after rTPJ
stimulation significantly differed from those after V1-V3 stim-
ulation and those following a sham stimulation. These two
conditions did not differ from one another. Thus we suggest
that r'TPJ plays a causal role in matching the visual inflow with
an egocentric, somatic-vestibular representation of the vertical.
Our results are in keeping with a recent study in which ¢TBS
was used to test the causal role of the rTPJ in perceiving the
upright position (Kheradmand et al. 2015). These authors
demonstrate that temporary inhibition of the rTPJ induces the
perception that the subjective visual vertical is tilted in the
opposite direction of individuals’ head tilt. It is worth noting
that, at variance with our study, Kheradmand et al. (2015)
tested participants in a tilted head condition with the aim of
amplifying the magnitude of errors. We tested the role of rTPJ
in a condition where no baseline vestibular challenge was
imposed (upright head posture). Moreover, to qualify the
integrative/multisensory involvement of the rTPJ in vertical
representation, we used a Gabor patch visual detection control
task and a control area (V1-V3). The hypothesis behind this
decision was to highlight the integrative role of the rTPJ in
building an internal representation of verticality by showing
that rTPJ inhibition impairs the ability to vertically orient a rod
when only information related to one’s own posture is avail-
able. In other words, when proprioceptive-vestibular-somatic
inflow is coherent with the vertical, we would expect that any
error would specifically concern the visuo/proprioceptive-ves-
tibular-somatic integration. Thus we demonstrated the strong
impact of rTPJ inhibition in sensory integration in the service
of verticality estimation. Our study expands previous findings
by showing that cTBS over the rTPJ impairs verticality judg-
ments even when individuals keep their head in a vertical
position, indicating that activity in this region is strongly
involved in the maintenance of an internal vertical frame of
reference (see Barra et al. 2010). Furthermore, by controlling
for the contribution of V1-V3 in the RFT, we were able to rule
out the possibility that the multisensory integration required by

MULTISENSORY REPRESENTATION OF UPRIGHT IN rTPJ

the RFT was influenced by the transient impairment of low-
level visual representations.

It is worth noting that rTPJ inhibition also impaired the
accuracy in the upright frame condition, which is generally
thought to be the easiest condition because vertical visual
information is available. This result supports the notion that the
r'TPJ is strongly involved in vertical estimation when visual
and vestibular information needs to be integrated. The fact that
the difference between rTPJ and V1-V3 stimulation did not
survive statistical testing in the upright frame condition sug-
gests that the visual cortex is also playing a role in this
condition, though less prominently than the rTPJ. Larger errors
after sham stimulation in the tilted frame condition compared
with the upright frame condition can be explained by the
classical disorienting power of the tilted frame. In this condi-
tion, impairments in perceiving the vertical have been ex-
plained by the conflict between the spatial coordinates given by
the tilted frame and the natural direction of gravity (Zoccolotti
et al. 1992). Importantly, this difference was abolished by
stimulating either V1-V3 or rTPJ. Thus both regions may play
a role in the upright frame condition. None of the stimulation
sites had an effect on the tilted frame condition. This may be in
keeping with a previous rTMS study showing that application
of inhibitory 1-Hz stimulation over the right (but not left)
superior parietal lobule reduced participants’ sensitivity to the
illusion compared with a control site (Lester and Dassonville
2014). Unfortunately, however, no TPJ stimulation was per-
formed in that study. Moreover, because the task used in
Lester’s study seems to be more related to contextual visual
processing than to visuo/vestibular/proprioceptive integration,
it is highly plausible that inhibition of the superior parietal
lobule influenced the participants’ performance, disrupting the
global visual processing (Urgesi et al. 2007).

Gabor Patch Visual Detection Task

To disentangle the role of different cortical regions in
processing internal and external signals in verticality assess-
ment, we included a purely visual detection control task and a
primary visual site stimulation condition. The V1-V3 was
selected because of its role in the detection of visual orienta-
tions and contrast (Hubel and Wiesel 1968). We found an
increase in the time needed to correctly identify the orientation
of Gabor patches after V1-V3 inhibition compared with the
time needed after sham stimulation. The difference between
ineffective (sham) and rTPJ stimulation did not reach signifi-
cance, whereas the impairment of performance after inhibition
of V1-V3 with respect to the rTPJ did not survive multiple
comparisons. Finding a decrease in the ability to detect the
horizontal and vertical orientation of Gabor patches after
V1-V3 stimulation is in line with the established function of
this region in processing the orientation of visual stimuli. This
result helped us ascertain that the role of rTPJ is marginal when
visual information alone needs to be processed to determine the
orientation of a visual stimulus. It is worth noting that studies
applying cTBS to the visual system and measuring visual
perception reported both improvement and reduction of per-
formance depending on a number of factors such as the task at
hand, the stimulation intensity, and ongoing neural activity
(Miniussi et al. 2013; Perini et al. 2012). Repetitive brain
stimulation of the primary visual cortex has been reported to
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affect neural selectivity for orientations in the cat’s visual
system (Kim et al. 2015). Moreover, single pulses delivered to
the primary visual cortex impair orientation detection when
applied before and soon after the appearance of a stimulus (de
Graaf et al. 2011, 2014). At least two nonmutually exclusive
interpretations of the functions tested by the Gabor patches task
can be offered. The first is that interference with the activity of
V1-V3 areas reduced the reactivity of orientation-sensitive
neurons in the primary visual system, thus impairing (i.e.,
inducing longer detection time) the ability of the participants to
detect the orientation of the Gabor patches. The second is that
the participants detected the Gabor patches’ orientation (verti-
cal/horizontal) as soon as they gained enough contrast infor-
mation. In this case the time that participants took to answer
correctly would be a consequence of contrast detection, and not
a matter of orientation. However, in both cases the task tapped
functions such as edge orientation and contrast detection that
are attributed to low-level visual cortices (Blakemore and
Campbell 1969; Hubel and Wiesel 1968). Thus our study
expands current knowledge on the causal role of VI1-V3
complex in detecting contrast or gratings orientation by show-
ing that offline cTBS over these regions can lower participants’
performance in the Gabor patch task. Conversely, activity of
rTPJ turned out to be crucial when the integration of visual,
vestibular, and proprioceptive information is needed to solve
an orientation task.

Conclusions

Taken together, the present results support the hypothesis
that verticality estimation is largely based on the functioning of
the r'TPJ and confirm its role in integrating sensory information
encoded in different frames of reference (i.e., vestibular, so-
matic, and visual).
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