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Visual  Processing
Ventral  and  dorsal  streams

https://en.wikipedia.org/wiki/Two-streams_hypothesis
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Results: Region of interest analysis
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Caloric Nystagmus, Vestibular-ocular reflex
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Prior electrophysiology on 
self-motion perception

Grüsser et al (1990)

Otto-Joachim Grüsser (1932 – 1995)
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Prior electrophysiology on 
self-motion perception

• research on the vestibular system
– Guldin & Grüsser (1998), Chen et al (2011), Lopez & Blanke (2011) – primate studies

• vestibular cortical system with several processing regions 
• PIVC / VPS / VIP / MST as core part of the vestibular network



Visual – vestibular interactions in  visual
posterior sylvian area (VPS, VIP) 

Chen, DeAngelis& Angelaki (2011)



Multisensory  Convergence  in  
Vestibular  System

Cullen,  K.E.  (2018)  Oxford  Research  Ecyclopedia Neuroscience



Multisensory  Convergence  in  
Vestibular  System
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Purves et al, http://www.geaux2pt.com/anatomy-of-the-vestibular-system-inner-ear/525/

Vestibular  System

• Angular  acceleration (semicircular canals)
• Linear  acceleration (otoliths)



Vestibular Cortex

Lopez et al 2012 Neuroscience



fMRI  during  Galvanic  Vestibular  Stimulation

Smith  et  al.,  (2012)  Cerebral Cortex



Caloric  Vestibular  Stimulation

Lopez  and Blanke  2014  Curr Biol
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Caloric  Conditions

simultaneously hot in the right ear, and a mixture of both temperatures
in each ear (warm, near body temperature) (Fig. 1A). It is important to
note that our system only applied the temperature of the water to the
surface of the ear canal (via small glass pods installed in the MRI ear
protection), while the water circulated back through return tubes to a
collecting barrel in the scanner control room. Temperatures at the
stimulation pods in the ear canal were 45°C (hot), 22°C (cold), and
36.5°C (warm) and required a ramp of 10 s to reach steady state
levels, as measured in a volunteer participant in the scanner room
(Fig. 1B). Temperatures for hot and cold were chosen such that their
mixture would yield a baseline matching regular body temperature in
the outer ear. As such this condition served as a vestibular-stimulation
baseline. Body temperature in the outer ear was measured in five
volunteer participants. In each participant temperature was 36.5°C
(see Fig. 1B, dashed gray line) and stable over the course of 1 min of
recordings. In previous reports we have shown that caloric stimulation
with this device may elicit sensations of self motion (Frank et al.
2014) and caloric nystagmus (Frank and Greenlee 2014) in the
participant.

With this system a block-design experiment was performed with
60-s long blocks of caloric stimulation. In each run, 10 trials with
caloric stimulation (5 trials with hot left and cold right, 5 trials
with cold left and hot right) and 10 baseline trials (warm in both ears)
were performed. Caloric trials were presented in random order, while
each caloric trial was followed by a baseline trial. Each participant
completed two runs (40 min in total). Participants had no explicit task
and were asked to keep their eyes closed but to stay alert. After
scanning, participants filled out a questionnaire inquiring about their
sensations during caloric stimulation (see Stephan et al. 2005).

The design of this localizer has limitations: participants had their
eyes closed during caloric stimulation but kept eyes open in the visual
object motion localizer (see below). Furthermore, requiring partici-
pants to report on their sensations during caloric stimulation at the end
of the session renders it difficult to estimate the stability of sensations
over trials. Finally, since we were unable to perform eye-tracking
recordings for the current study, we cannot estimate the amount of
elicited caloric nystagmus, including duration and presence of nys-
tagmus during baseline trials.

Despite these limitations, our goal in this study was to use a
canonical caloric stimulation design, following previous descriptions,

to produce optimal vestibular stimulation conditions for PIVC (e.g.,
Bense et al. 2001; Dieterich et al. 2003; Fasold et al. 2002; Indovina
et al. 2005; Lobel et al. 1998; Stephan et al. 2005). In these studies,
participants did not perform any task related to their sensations during
caloric stimulation and they kept their eyes closed. Furthermore,
activations in PIC in the current study (see below) are comparable to
those reported in our previous work (Frank et al. 2014), where
participants had their eyes open during caloric stimulation and re-
ported on their sensations after each stimulation trial. Finally, if
nystagmus was present and carried over from stimulation into baseline
trials, it would be a constant factor over the course of the experiment
and hence could not account for activation differences between
stimulation and baseline trials. Therefore, we believe that the current
design introduces no major limitations with respect to the interpreta-
tion of the results.

Visual Object Motion Localizer

Area PIC is primarily characterized by its pronounced responsive-
ness to visual object motion cues (Beer et al. 2009; Claeys et al. 2003;
Orban et al. 2003; Sunaert et al. 1999). Therefore, a standard visual
object motion localizer was used to define PIC in individual partici-
pants (see Frank et al. 2014). In this localizer 12-s long blocks of dot
motion alternated with blocks of static dots for baseline. During visual
motion blocks 200 white dots (diameter: 0.2°) moved with a speed of
15°/s in 1 of 12 different translational directions (each presenting
100% coherent motion in 1 of the 12 possible directions) for 1 s each.
Successive movement directions alternated between clock- and coun-
terclockwise sequence in different motion blocks, thereby avoiding
direction-specific motion adaptation. Dots had a limited random
lifetime of 167–333 ms and did not spatially overlap. Each motion
block was followed by a baseline block with static dots. Overall, there
were 24 blocks with visual motion and 24 baseline static blocks. One
run (9.6 min) was performed. Participants were asked to maintain
central fixation and to press a button whenever the fixation spot
flickered, which occurred at random intervals. Stimuli were generated
using Psychtoolbox (Brainard 1997; Pelli 1997), running in MATLAB
(The MathWorks, Natick, MA), and back-projected onto a translucent
circular screen, located at the back of the scanner bore. Participants
viewed the screen with a head-coil mounted mirror (viewing distance:
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Fig. 1. Design of caloric vestibular stimulation. A:
caloric stimulation conditions (circle ! schematic
participant head in bird’s eye view). Bithermic
caloric stimulation was performed with hot
("45°C) in the left ear and cold ("22°C) in the
right ear (left) or cold in the left ear and hot in the
right ear (middle), in different trials. Each trial
with caloric stimulation was followed by a base-
line trial with warm ("36.5°C) in both ears
(right). B: temperature changes in the ear canal
during caloric stimulation, as measured in one ear
of a sample participant outside the MRI-scanner.
One run of caloric stimulation was performed (20
min), with 60-s long blocks of caloric stimulation
(hot in one ear and cold in the other) alternating
with 60-s long baseline blocks (warm in both
ears). There were 5 trials with hot left and cold
right and 5 trials with temperatures presented vice
versa, in random order but always followed by a
baseline trial. Please note that temperature changes
were only measured in 1 ear. Dashed line !
average body temperature in the outer ear of 5
sample participants, measured outside the scanner
before the vestibular experiment. Baseline temper-
atures for caloric stimulation were chosen to
match the average body temperature in the ear
canals.
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Caloric  Conditions

simultaneously hot in the right ear, and a mixture of both temperatures
in each ear (warm, near body temperature) (Fig. 1A). It is important to
note that our system only applied the temperature of the water to the
surface of the ear canal (via small glass pods installed in the MRI ear
protection), while the water circulated back through return tubes to a
collecting barrel in the scanner control room. Temperatures at the
stimulation pods in the ear canal were 45°C (hot), 22°C (cold), and
36.5°C (warm) and required a ramp of 10 s to reach steady state
levels, as measured in a volunteer participant in the scanner room
(Fig. 1B). Temperatures for hot and cold were chosen such that their
mixture would yield a baseline matching regular body temperature in
the outer ear. As such this condition served as a vestibular-stimulation
baseline. Body temperature in the outer ear was measured in five
volunteer participants. In each participant temperature was 36.5°C
(see Fig. 1B, dashed gray line) and stable over the course of 1 min of
recordings. In previous reports we have shown that caloric stimulation
with this device may elicit sensations of self motion (Frank et al.
2014) and caloric nystagmus (Frank and Greenlee 2014) in the
participant.

With this system a block-design experiment was performed with
60-s long blocks of caloric stimulation. In each run, 10 trials with
caloric stimulation (5 trials with hot left and cold right, 5 trials
with cold left and hot right) and 10 baseline trials (warm in both ears)
were performed. Caloric trials were presented in random order, while
each caloric trial was followed by a baseline trial. Each participant
completed two runs (40 min in total). Participants had no explicit task
and were asked to keep their eyes closed but to stay alert. After
scanning, participants filled out a questionnaire inquiring about their
sensations during caloric stimulation (see Stephan et al. 2005).

The design of this localizer has limitations: participants had their
eyes closed during caloric stimulation but kept eyes open in the visual
object motion localizer (see below). Furthermore, requiring partici-
pants to report on their sensations during caloric stimulation at the end
of the session renders it difficult to estimate the stability of sensations
over trials. Finally, since we were unable to perform eye-tracking
recordings for the current study, we cannot estimate the amount of
elicited caloric nystagmus, including duration and presence of nys-
tagmus during baseline trials.

Despite these limitations, our goal in this study was to use a
canonical caloric stimulation design, following previous descriptions,

to produce optimal vestibular stimulation conditions for PIVC (e.g.,
Bense et al. 2001; Dieterich et al. 2003; Fasold et al. 2002; Indovina
et al. 2005; Lobel et al. 1998; Stephan et al. 2005). In these studies,
participants did not perform any task related to their sensations during
caloric stimulation and they kept their eyes closed. Furthermore,
activations in PIC in the current study (see below) are comparable to
those reported in our previous work (Frank et al. 2014), where
participants had their eyes open during caloric stimulation and re-
ported on their sensations after each stimulation trial. Finally, if
nystagmus was present and carried over from stimulation into baseline
trials, it would be a constant factor over the course of the experiment
and hence could not account for activation differences between
stimulation and baseline trials. Therefore, we believe that the current
design introduces no major limitations with respect to the interpreta-
tion of the results.

Visual Object Motion Localizer

Area PIC is primarily characterized by its pronounced responsive-
ness to visual object motion cues (Beer et al. 2009; Claeys et al. 2003;
Orban et al. 2003; Sunaert et al. 1999). Therefore, a standard visual
object motion localizer was used to define PIC in individual partici-
pants (see Frank et al. 2014). In this localizer 12-s long blocks of dot
motion alternated with blocks of static dots for baseline. During visual
motion blocks 200 white dots (diameter: 0.2°) moved with a speed of
15°/s in 1 of 12 different translational directions (each presenting
100% coherent motion in 1 of the 12 possible directions) for 1 s each.
Successive movement directions alternated between clock- and coun-
terclockwise sequence in different motion blocks, thereby avoiding
direction-specific motion adaptation. Dots had a limited random
lifetime of 167–333 ms and did not spatially overlap. Each motion
block was followed by a baseline block with static dots. Overall, there
were 24 blocks with visual motion and 24 baseline static blocks. One
run (9.6 min) was performed. Participants were asked to maintain
central fixation and to press a button whenever the fixation spot
flickered, which occurred at random intervals. Stimuli were generated
using Psychtoolbox (Brainard 1997; Pelli 1997), running in MATLAB
(The MathWorks, Natick, MA), and back-projected onto a translucent
circular screen, located at the back of the scanner bore. Participants
viewed the screen with a head-coil mounted mirror (viewing distance:
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Fig. 1. Design of caloric vestibular stimulation. A:
caloric stimulation conditions (circle ! schematic
participant head in bird’s eye view). Bithermic
caloric stimulation was performed with hot
("45°C) in the left ear and cold ("22°C) in the
right ear (left) or cold in the left ear and hot in the
right ear (middle), in different trials. Each trial
with caloric stimulation was followed by a base-
line trial with warm ("36.5°C) in both ears
(right). B: temperature changes in the ear canal
during caloric stimulation, as measured in one ear
of a sample participant outside the MRI-scanner.
One run of caloric stimulation was performed (20
min), with 60-s long blocks of caloric stimulation
(hot in one ear and cold in the other) alternating
with 60-s long baseline blocks (warm in both
ears). There were 5 trials with hot left and cold
right and 5 trials with temperatures presented vice
versa, in random order but always followed by a
baseline trial. Please note that temperature changes
were only measured in 1 ear. Dashed line !
average body temperature in the outer ear of 5
sample participants, measured outside the scanner
before the vestibular experiment. Baseline temper-
atures for caloric stimulation were chosen to
match the average body temperature in the ear
canals.
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Caloric  Conditions

simultaneously hot in the right ear, and a mixture of both temperatures
in each ear (warm, near body temperature) (Fig. 1A). It is important to
note that our system only applied the temperature of the water to the
surface of the ear canal (via small glass pods installed in the MRI ear
protection), while the water circulated back through return tubes to a
collecting barrel in the scanner control room. Temperatures at the
stimulation pods in the ear canal were 45°C (hot), 22°C (cold), and
36.5°C (warm) and required a ramp of 10 s to reach steady state
levels, as measured in a volunteer participant in the scanner room
(Fig. 1B). Temperatures for hot and cold were chosen such that their
mixture would yield a baseline matching regular body temperature in
the outer ear. As such this condition served as a vestibular-stimulation
baseline. Body temperature in the outer ear was measured in five
volunteer participants. In each participant temperature was 36.5°C
(see Fig. 1B, dashed gray line) and stable over the course of 1 min of
recordings. In previous reports we have shown that caloric stimulation
with this device may elicit sensations of self motion (Frank et al.
2014) and caloric nystagmus (Frank and Greenlee 2014) in the
participant.

With this system a block-design experiment was performed with
60-s long blocks of caloric stimulation. In each run, 10 trials with
caloric stimulation (5 trials with hot left and cold right, 5 trials
with cold left and hot right) and 10 baseline trials (warm in both ears)
were performed. Caloric trials were presented in random order, while
each caloric trial was followed by a baseline trial. Each participant
completed two runs (40 min in total). Participants had no explicit task
and were asked to keep their eyes closed but to stay alert. After
scanning, participants filled out a questionnaire inquiring about their
sensations during caloric stimulation (see Stephan et al. 2005).

The design of this localizer has limitations: participants had their
eyes closed during caloric stimulation but kept eyes open in the visual
object motion localizer (see below). Furthermore, requiring partici-
pants to report on their sensations during caloric stimulation at the end
of the session renders it difficult to estimate the stability of sensations
over trials. Finally, since we were unable to perform eye-tracking
recordings for the current study, we cannot estimate the amount of
elicited caloric nystagmus, including duration and presence of nys-
tagmus during baseline trials.

Despite these limitations, our goal in this study was to use a
canonical caloric stimulation design, following previous descriptions,

to produce optimal vestibular stimulation conditions for PIVC (e.g.,
Bense et al. 2001; Dieterich et al. 2003; Fasold et al. 2002; Indovina
et al. 2005; Lobel et al. 1998; Stephan et al. 2005). In these studies,
participants did not perform any task related to their sensations during
caloric stimulation and they kept their eyes closed. Furthermore,
activations in PIC in the current study (see below) are comparable to
those reported in our previous work (Frank et al. 2014), where
participants had their eyes open during caloric stimulation and re-
ported on their sensations after each stimulation trial. Finally, if
nystagmus was present and carried over from stimulation into baseline
trials, it would be a constant factor over the course of the experiment
and hence could not account for activation differences between
stimulation and baseline trials. Therefore, we believe that the current
design introduces no major limitations with respect to the interpreta-
tion of the results.

Visual Object Motion Localizer

Area PIC is primarily characterized by its pronounced responsive-
ness to visual object motion cues (Beer et al. 2009; Claeys et al. 2003;
Orban et al. 2003; Sunaert et al. 1999). Therefore, a standard visual
object motion localizer was used to define PIC in individual partici-
pants (see Frank et al. 2014). In this localizer 12-s long blocks of dot
motion alternated with blocks of static dots for baseline. During visual
motion blocks 200 white dots (diameter: 0.2°) moved with a speed of
15°/s in 1 of 12 different translational directions (each presenting
100% coherent motion in 1 of the 12 possible directions) for 1 s each.
Successive movement directions alternated between clock- and coun-
terclockwise sequence in different motion blocks, thereby avoiding
direction-specific motion adaptation. Dots had a limited random
lifetime of 167–333 ms and did not spatially overlap. Each motion
block was followed by a baseline block with static dots. Overall, there
were 24 blocks with visual motion and 24 baseline static blocks. One
run (9.6 min) was performed. Participants were asked to maintain
central fixation and to press a button whenever the fixation spot
flickered, which occurred at random intervals. Stimuli were generated
using Psychtoolbox (Brainard 1997; Pelli 1997), running in MATLAB
(The MathWorks, Natick, MA), and back-projected onto a translucent
circular screen, located at the back of the scanner bore. Participants
viewed the screen with a head-coil mounted mirror (viewing distance:
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Fig. 1. Design of caloric vestibular stimulation. A:
caloric stimulation conditions (circle ! schematic
participant head in bird’s eye view). Bithermic
caloric stimulation was performed with hot
("45°C) in the left ear and cold ("22°C) in the
right ear (left) or cold in the left ear and hot in the
right ear (middle), in different trials. Each trial
with caloric stimulation was followed by a base-
line trial with warm ("36.5°C) in both ears
(right). B: temperature changes in the ear canal
during caloric stimulation, as measured in one ear
of a sample participant outside the MRI-scanner.
One run of caloric stimulation was performed (20
min), with 60-s long blocks of caloric stimulation
(hot in one ear and cold in the other) alternating
with 60-s long baseline blocks (warm in both
ears). There were 5 trials with hot left and cold
right and 5 trials with temperatures presented vice
versa, in random order but always followed by a
baseline trial. Please note that temperature changes
were only measured in 1 ear. Dashed line !
average body temperature in the outer ear of 5
sample participants, measured outside the scanner
before the vestibular experiment. Baseline temper-
atures for caloric stimulation were chosen to
match the average body temperature in the ear
canals.
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Area  PIC  in  Visual  Motion
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fMRI  Contrast:  Caloric  >  Baseline  

The results of this fMRI-study (Frank et al. 2016a) sug-
gested that there was only minor suppression of PIVC when
participants passively viewed the moving stimuli, confirming
previous reports (Frank et al. 2016b; Kleinschmidt et al. 2002).
However, the magnitude of suppression increased dramatically
once attention was directed to visual processing (Fig. 3, B and
C).1 Different effects were found in PIC, where visual attention
increased activity (Frank et al. 2016a; see also Luks and
Simpson 2004).

These results suggest that the suppression of PIVC during
visual processing is strongly influenced by attention and that
attentive visual processing activates PIC rather than suppress-
ing it. However, do visual motion cues such as optic flow that
induce vection evoke a response in PIC that is different from
the response to mere object motion? Several studies have
addressed this question and found that PIC — in addition to
other areas of the visual motion network such as MST, VIP, or
CSv (Smith et al. 2017) — responds stronger during periods of
vection, which could suggest that PIC processes visual cues
related to self-motion2 (Cardin and Smith 2010, 2011; Huang
et al. 2015; Kirollos et al. 2017; Nishiike et al. 2002; Uesaki
and Ashida 2015; Wada et al. 2016). However, in many of
these studies brain activity in the posterior Sylvian fissure
during visual self-motion has been interpreted as correspond-
ing to PIVC (Cardin and Smith 2010, 2011; Huang et al. 2015;
Nishiike et al. 2002; Riccelli et al. 2017; Uesaki and Ashida
2015; Wada et al. 2016), whereas more recent discussions have

1 A new interpretation of the theory of inhibitory visual-vestibular interac-
tions has to take into account the role of visual attention. For example, periods
of visual stimulation during which participants sense vection may be associ-
ated with increased levels of attention. Therefore, the amount of suppression
induced by the sensation of vection has to be dissociated from the suppression
that is due to increased attention to the visual stimulus during vection.
Moreover, the origin of the inhibition should be investigated. If the inhibition
of PIVC is primarily caused by visual attention, area IPS, a key structure of the
fronto-parietal attention network, might trigger the suppression of PIVC. This
hypothesis is supported by recent findings that show anatomical connections
between IPS and PIVC (Wirth et al. 2018). Finally, possible behavioral effects
of visual attention on the vestibular system (e.g., an alternation of vestibular
thresholds during periods of attentive visual processing) should be investigated
in future studies.

2 Future studies should try to dissociate the amount of activation in PIC that
is due to increased attention during vection from the activity that is due to the
sensation of vection.
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Fig. 3. Cross-modal suppression of activity in PIVC by visual attention (see Frank et al. 2016a). A: attentional tracking task. At the beginning of each trial a subset
of disks was designated targets and presented in green color. After cueing the target disks turned white and were physically undistinguishable from the distractor
disks. Then, all disks moved randomly across the screen for a period of 14 s and participants attentively tracked the targets while maintaining central fixation.
At the end of each trial one disk was highlighted in blue and participants indicated whether this disk was a target or a distractor by pressing one of two buttons.
Participants received feedback about the correctness of their response. B: a detailed analysis of activation in PIVC (for a subset of n ! 8 participants with
individual caloric localizer scans) suggested that the suppression in PIVC was a true suppression of activity below baseline (corresponding to activation during
a dark blank screen, “0” on y-axis). Moreover, the suppression scaled with the visual attentional load: There was a moderate suppression of activity in PIVC
during passive viewing of the moving disks (corresponding to “Tracking Load 0” on the x-axis), which increased dramatically once visual attention became
involved during tracking (see the linear increase in suppression for tracking 1–4 disks on the x-axis). C, top: whole brain activity during attentional tracking
(n ! 25 participants). Activity in the fronto-parietal attention network (frontal eye fields, FEF, and posterior parietal cortex, PPC) and in the visual motion
sensitive area MT" increased when the attentional load on the visual system increased (color coded as red-yellow). In striking contrast to these effects, the
ongoing activity in PIVC (shown by crosshairs) became increasingly suppressed with increasing attentional loads (color-coded as blue-white). Other regions with
suppressed activity correspond to the default mode network, which PIVC is not part of (see Raichle 2015). Bottom: the average location of PIVC (shown by
crosshairs) in a sample of n ! 25 different participants who performed caloric vestibular localizer scans (unpublished data), as described previously (see Frank
et al. 2016b). Please note that a conservative statistical threshold (P # 0.001, false discovery rate corrected) was chosen for the definition of caloric vestibular
activity corresponding to PIVC, which removed less significant activations in other regions of the cortical vestibular network. PIVC, parieto-insular vestibular
cortex.
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Research  Issues

1. Inhibition  of  the  vestibular  system  by  
visual  attention

2. Biochemical  effects  of  inhibition  by  
visual  attention



Previous  Results

• Cross-modal  (visual/vestibular)  influences  
activity  in  the  vestibular  cortex

– Brandt,  Bartenstein,  Janek,  Dieterich (1998)
– Kleinschmidt,  Thilo,  Büchel,  Gresty,  Bronstein,  
Frackowiak (2002)

– Seemungal,  Guzman-Lopez,  Arshad,  Schultz,  Walsh,  
Yousif (2013)

– Frank,  Baumann,  Mattingley,  Greenlee  (2014)



Attentional Tracking  Task

• Pylyshyn &  Storm  (1988)  
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PIVC  Deactivations

Frank  et  al.  2016  Journal  of  Neuroscience

PIVC 

PIVC 

1 2 3 4
Visual Tracking Load

-0.3

-0.2

-0.1

0

BO
LD

 %
 S

ig
na

l C
ha

ng
e

N  =  20  
subjects



Follow-up  Questions

• Visual  attention  cross-modally  influences  
activity  in  the  vestibular  cortex.  

• Does  visual  attention  also  influence  
vestibular  sensations  of  self  motion?  
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BOLD  Activations  during  
attentive  tracking



BOLD  Activations  during  
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Follow-up  Questions

• Where  in  the  brain  does  the  inhibition  by  
visual  attention  originate?  

• Posterior  Parietal  Cortex
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TMS:  Regions  of  Interest

Frank  et  al.,  (2020)
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Neuronal  Effects  of  
Inhibitory  rTMS
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Research  Issues

1. Inhibition  of  the  vestibular  system  by  
visual  attention

2. Biochemical  effects  of  inhibition  by  
visual  attention



Hypotheses

Inhibition  of  PIVC  is  reflected  by:  

(1) Decrease  of  excitatory  neurotransmitters  
(2) Increase  of  inhibitory  neurotransmitters
(3) Combination  of  (1)  and  (2)



Magnetic  Resonance  
Spectroscopy  (MRS)

• Measures  spectrum  for  a  single  voxel  in  the  
brain  (2.5  x  2.5  x  2.5  cm)

• PRESS  sequence:  Concentration  of  
excitatory  neurotransmitter  (Glutamate  +  
Glutamine  =  Glx)

• MEGA-PRESS  sequence:  Concentration  of  
inhibitory  neurotransmitter  (GABA)

• Resting-based  (MRS)  or  task-based  (fMRS)
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MRS  of  Vestibular  Cortex

PIVC 

p < 0.0005 p < 0.05 (FDR) 

fMRS in  PIVC  during:
– low  visual  attentional
load  (track-2)  
–high  visual  attentional
load  (track-4)
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Hypotheses

Inhibition  of  PIVC  is  reflected  by:  

(1) Decrease  of  excitatory  neurotransmitters  
(2) Increase  of  inhibitory  neurotransmitters
(3) Combination  of  (1)  and  (2)



Follow-up  Hypothesis

• Decrease  of  excitatory  neurotransmitter  
in  PIVC  renders  PIVC  less  responsive  
to  subcortical  vestibular  cues

• Visual  attentional tracking  during  caloric  
vestibular  stimulation  (BOLD  fMRI)
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Vestibular  Cortex

In this review article, we want to bring forth a new idea to
resolve this ambiguity about the location and spatial extent of
PIVC: rather than a single area, the region that has been
referred to as PIVC may consist of at least two anatomically
and functionally separate areas (Frank et al. 2016b; Wirth et al.
2018), similar to the organization that is found in the nonhu-
man primate brain (Chen et al. 2010, 2011, 2016; Gu 2018;
Guldin and Grüsser 1998).

Our discussion is based on recent functional and struc-
tural brain-imaging studies (Billington and Smith 2015;
Frank et al. 2014, 2016a, 2016b; Schindler and Bartels
2018; Wirth et al. 2018) that have brought forth evidence for

the existence of at least one additional, visual-vestibular
area in close proximity to and immediately posterior to
PIVC. This region has been named the posterior insular cortex
area (PIC; Sunaert et al. 1999), although it is located in the
retroinsular cortex (Fig. 2). Overall, the results suggest that PIC
differs from PIVC in anatomical location (Frank et al. 2016b),
anatomical connectivity (Wirth et al. 2018), and responses to
visual motion cues (Billington and Smith 2015; Frank et al. 2014,
2016a, 2016b; Schindler and Bartels 2018), suggesting a separa-
tion between PIVC and PIC. This proposed separation parallels
the architecture of the vestibular cortex in nonhuman primates
(Gu 2018; Smith et al. 2017), where a visual-vestibular asso-
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Fig. 1. The cortical vestibular network in nonhuman primates (A) and humans (B). Regions where vestibular responses have been observed are shown on the
inflated left (medial view) and right hemispheres (lateral view) of an average MRI macaque brain (Seidlitz et al. 2018) and an average MRI human brain (Dale
et al. 1999; Fischl et al. 1999) (light gray, gyri; dark gray, sulci). The depicted areas have been gathered and combined from previous articles reviewing the
vestibular network (Dieterich and Brandt 2008; Gu 2018; Guldin and Grüsser 1998; Lopez and Blanke 2011; Shinder and Taube 2010; Smith et al. 2017; Sugiuchi
et al. 2005; Ventre-Dominey 2014). The core of the vestibular cortex (shown in red) is located in the midposterior Sylvian fissure and consists of
the parieto-insular vestibular cortex area (PIVC) and the posterior insular cortex area [PIC; visual posterior Sylvian area (VPS) in nonhuman primates]. The
presence of vestibular signals in areas shown in white is indicated (Cottereau et al. 2017) but requires further investigation. Areas 3av and 7 in the nonhuman
primate brain may be further separated into two portions each (3aNv and 3aHv; 7a and 7b) (Guldin and Grüsser 1998). Areas 3aNv and 3aHv are located in the
somatosensory neck/trunk and hand/arm representations of the central sulcus, respectively. Some studies have noticed activations in the inferior frontal cortex
during vestibular stimulation (see Lopez and Blanke 2011; Ventre-Dominey 2014), but since the evidence for the existence of vestibular responses in these areas
is still sparse, we did not include them in our overview of the vestibular network. In addition to the parahippocampal gyrus (PHG), vestibular signals have been
found also in the human hippocampus (e.g., Vitte et al. 1996; Dieterich et al. 2003; Suzuki et al. 2001). In the rodent brain a larger circuit of structures including
the hippocampus, the entorhinal cortex, and the retrosplenial cortex uses vestibular cues to generate spatial signals related to heading direction and location in
space (Cullen and Taube 2017; Shinder and Taube 2010; Taube 2007). AI, anterior insula; CSv, cingulate sulcus visual area; FEF, frontal eye fields (in particular
the portion that controls smooth pursuit eye movements); MIP/VIP, medial/ventral intraparietal area; MST, medial superior temporal area; MSTd, dorsal portion
of the MST; PC, precuneus; STP/STS, polysensory area of the superior temporal sulcus; TPJ, portion of the temporo-parietal junction bordering the posterior
Sylvian fissure.

1440 REVIEW OF PARIETO-INSULAR VESTIBULAR CORTEX

J Neurophysiol • doi:10.1152/jn.00907.2017 • www.jn.org

Downloaded from www.physiology.org/journal/jn by ${individualUser.givenNames} ${individualUser.surname} (128.148.231.034) on September 21, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.

Frank  &  
Greenlee  2018



Thank  you  for  your  attention!

Sebastian  Frank Maja  Pawellek Lisa  Forster Wilhelm  Malloni

Martin  Schecklmann Berthold  Langguth

Grant:  GR  988  25-1





PIVC
PIC

Sylvian 
Fissure

PICPIVCa) b) c)

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

BO
LD

 %
 S

ig
na

l C
ha

ng
e

Passive
Viewing

Attentive
Tracking

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

BO
LD

 %
 S

ig
na

l C
ha

ng
e

Passive
Viewing

Attentive
Tracking



Neuronal  Effects  of  Inhibitory  
rTMS
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Fig. 5. Results of eye-movement recordings during vestibular stimulation under
conditions without central fixation (top) and with fixation (bottom) are presented.
The horizontal position of the right eye (in degrees visual angle) for one participant
(P1) is depicted for 15 s-long periods of steady-state temperatures (see gray shaded
area in Fig. 3) in two  trials with simultaneous self-motion sensation. Occasional
vertical lines reflect blinks. Overall, nystagmus eye-movements were pronounced
when no central fixation was  provided.

presence of caloric nystagmus during stimulation when no central
visual fixation mark was presented (Fig. 5).

Our selection of temperatures for the hot, cold and warm stimuli
was carefully made to maximize the direction-specific sense of
self motion (i.e. to the left or to the right), while the mixture of
hot and cold for baseline trials led to few reports of self motion
(see above). Obviously, the temperatures used in any given experi-
ment will depend on many factors (e.g. stimulus duration, number
of trial repeats, etc.) and should be carefully determined by the
investigators. Each new set of temperatures should be calibrated
using a thermal sensor in order to see how much temperatures
change during transport from the water barrels to the ear pods.
Also, when performing the stimulation in a room different from
the room where the temperature calibration was conducted (e.g.
calibration in the control room, stimulation in the MRI-scanner),
the temperature of the two rooms should be closely matched. This
is because the room temperature will have an influence on how
much the temperatures differ between water barrel and pod.

Compared to regular caloric stimulation devices our system
overcomes problems associated with water collection by using
a closed-loop system where the water is collected outside the

scanner and can be reused in later stimulation trials and/or experi-
ments. Differences in the EPI-images emerged for water circulation
and no circulation conditions (Lobel et al., 1998) and for the dif-
ferent temperatures used (Rieke and Butts Pauly, 2008). However,
these effects were limited to the location of the stimulation pods
and the influx and efflux tubes thus making intrusion of artifacts
into the EPI-images of the brain unlikely. Our device can be used
inside and outside the scanner environment. It allows for multi-
ple, consecutive stimulation and baseline trials. Depending on the
distance between the water barrels and the participant, a tempo-
ral gradient required until temperatures reach steady-state has to
be taken into account. In our case with a distance of ∼10.5 m the
interval was 10 s. The temporal lag and plateau of hot, cold, and
warm remained constant across different trials. The position of the
stimulation pods can be adjusted easily inside the ear protection
thus making stimulation possible with differently sized ears and
ear canals. We  used 30 s-long stimulation trials during which time
approximately 0.5 l of water circulated. The stimulation was  kept
short in order to avoid overstimulation of the vestibular system that
would have evoked self-motion sensations outlasting the period
of stimulation. The baseline trial in between two caloric stimu-
lation trials could be prolonged (e.g. from 30 to 60 s) in order to
avoid slight variations in the baseline temperature due to preced-
ing caloric stimulation with hot/cold and to allow the vestibular
organ to reach steady-state levels. The distilled water can be stored
and reused in later experiments. All components of the device are
easy to construct. The raw material is inexpensive and was acquired
off-the-shelf from a local hardware store. The pumps are made
commercially for use in home aquariums. The glass pods used for
temperature application in the ear canal were produced by a glass-
blower. Alternatively, they could be manufactured by shortening a
thin-walled test tube to fit.

Vestibular stimulation during fMRI-scanning in 13 participants
yielded a large cluster of activity deep in lateral sulcus of the right
hemisphere. We  assume this cluster of activation to be the puta-
tive human homologue of the core vestibular area PIVC in primates.
A right-hemisphere dominance of the possible human PIVC is in
line with previous findings (see Eickhoff et al., 2006; Lopez et al.,
2012a; zu Eulenburg et al., 2012). Other cortical vestibular acti-
vations are in agreement with previous reports and support the
validity of stimulation with our method.

In a few trials of the fMRI-experiment the reported subjective
sensation did not match our expectation: participants indicated
an absence of self motion during caloric stimulation or reported
self motion during baseline. Failure to report self motion when
caloric stimulation was  performed might have happened because
the perceived intensity of self motion was too low to surpass a sub-
jective threshold. False positives, i.e. reported self motion during
bilateral warm water (baseline) stimulation, might be the result
of carry-over effects of a previous caloric stimulation trial. We
think the exclusion of “error” trials makes our MRI-comparison
between activity recorded during caloric and baseline more valid:
only caloric stimulation trials are included where the sensation of
self motion was above a certain threshold (in other words, trials
where the vestibular response had a certain minimum intensity
level). Results from these trials were compared to baseline trials
where the vestibular system was not or only weakly stimulated
leading to an absence of any self-motion percept.

Finally, we  want to discuss some advantages and disadvantages
of our device and, more generally, vestibular caloric stimula-
tion. Our device is low-cost and can be easily constructed and
maintained. Components can be replaced and the system can be
modified in order to achieve optimal stimulation for different con-
ditions (e.g. patients vs. healthy participants, unilateral vs. bilateral
stimulation, variable distances between control room and partic-
ipant in the scanner). The temperature stimulus is mild and not
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Cortical Representation

Guldin & Grüsser 1998 Trends Neurosci

Lopez & Blanke 2011 Brain Res Rev



Cortical Representation
Primates
•MST (Bremmer et al 1999, Gu et al 2006, 2007, 2008)

•PIVC (Grüsser et al 1990, Guldin & Grüsser 1998, Chen et al 2010)

•VIP (Bremmer et al 2002, Klam & Graf 2003, Chen et al 2011)

•VPS (Guldin & Grüsser 1998, Chen et al 2011)

Humans
•MST (not MT!, Smith et al 2012)

•PIVC (many indications, see review by Lopez et al 2012) 

•VIP (dorsal IPS) & STS ? (trends in Smith et al 2012)

•VPS ?

Multisensory areas in human motion-sensitive cortex



Goals

• Design MRI-compatible vestibular stimulation 
system

• Combine visual and vestibular stimuli
• Vestibular processing in motion-sensitive cortex 

(MST, STS, VIP, VPS)
• Functional specialization within PIVC complex: 

role of area PIC

Vestibular stimulation in humans?



posterior PIC was located at a more posterior site than in the
left hemisphere, at the junction of the Sylvian fissure with the
supramarginal gyrus. Figure 4 shows the center locations of
anterior and posterior PIC and PIVC from the group analyses
in volumetric space.

For participants in the current study who completed the
vestibular localizer scan, area PIC was significantly more
activated during caloric stimulation than during baseline
[t(14) ! 2.78, P ! 0.01; Fig. 5A], replicating our previous
results (Frank et al. 2014). Conversely, activation of area PIVC
was significantly lower during periods of visual object motion

compared with static [t(14) ! "4.40, P # 0.001; Fig. 5B],
which agrees with earlier reports (Brandt et al. 1998;
Deutschländer et al. 2002; Kleinschmidt et al. 2002).

Univariate parameter estimates in PIVC and PIC were not
significantly different between the two caloric stimulation
conditions [left PIVC: t(14) ! "0.09, P ! 0.93, right PIVC:
t(14) ! "0.22, P ! 0.83, left PIC: t(13) ! "1.71, P ! 0.11],
except in right PIC where activation was significantly more
pronounced for cold left and hot right vs. hot left and cold right
[t(13) ! 2.95, P ! 0.01]. A more sensitive multivariate
classification analysis showed that the activation pattern in
right PIVC represented on which side hot and cold stimulation
occurred (Fig. 6): there was significant above-chance classifi-
cation of activation patterns corresponding to hot left and cold
right vs. cold left and hot right in right PIVC (average classi-
fication accuracy: M ! 63.0%, permutation test: P ! 0.003).
There was a trend for similar results in right PIC (M ! 57.8%);
however, permutation tests did not indicate that classification
accuracy was significantly different from chance level (P !
0.11). Classifications were also not significantly different from
chance in left PIVC (M ! 54.1%, P ! 0.45) or in left PIC (M
! 53.9%, P ! 0.43). Similar results were obtained in a control
analysis where PIVC was matched in size with PIC. Average
classification accuracies, across participants, in five iterations,
each with a new random selection of voxels from PIVC, ranged
from 62.5% (P ! 0.005) to 62.8% (P ! 0.003) in right PIVC
and from 54.4% (P ! 0.43) to 55.1% (P ! 0.33) in left PIVC.

DISCUSSION

In this study, two areas in the region of the posterior Sylvian
fissure, referred to as PIC and PIVC, were examined in the
same participants using vestibular and visual stimuli. The
results point to similarities between PIC and PIVC, as both
areas respond to caloric stimulation. However, there were also
differences: the activation pattern of PIVC in the right hemi-
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Fig. 4. Average locations of areas PIC and
PIVC in volumetric space, shown on the Free-
surfer template brain. Locations indicated by
the dot correspond to center-coordinates of PIC
and PIVC activation clusters revealed in the
random-effects group analysis (see Fig. 3).
Participant’s left side is depicted on the right.
PICa and PICp, anterior and posterior PIC
clusters (Fig. 3B). Talairach-coordinates (in
mm) are inserted.
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Fig. 5. Results of univariate fMRI analyses of the vestibular and visual
localizers. To avoid circularity, activations in areas PIC and PIVC were only
analyzed in the localizer scan that was not used for region of interest definition.
Activations were computed separately for stimulation and baseline conditions
(in units MRI percent-signal change from implicit baseline). For displaying
purposes activation during baseline was subtracted from activation during
stimulation. Therefore, positive values reflect more activation during stimula-
tion vs. baseline and negative values reflect stronger activation in baseline vs.
stimulation. Shown are mean values with standard error of the mean (SE).
!Significant effects. A: vestibular activation in PIC during caloric stimulation
vs. baseline. B: deactivation of PIVC in visual object motion vs. static baseline.
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Functional Sessions

• Localizer: Motion-Cortex
• Localizer: Vestibular Cortex
• Visual-Vestibular Stimulation
• Visual-Temperature Control

Localizer: Motion-Cortex   
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Vestibular System

• Acceleration and position in space 
• Balance
• Sense of gravity 
• Self-motion 
• Spatial navigation, learning, memory



Vestibular Cortex

Lopez et al 2012 Neuroscience



Vestibular System

Vestibular Pathway
• Vestibular Sensors
• Vestibular Nuclei
• Ocular Motion Nuclei
• Posterlotateral Thalamus
• Cortex

Cortical representation of 
vestibular input?

Dieterich & Brandt 2008 Brain



Caloric Stimulation Conditions

Frank et al. 2016 J Neurophy
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Evidence for a Human VPS ?

• PIC (posterior insula cortex)

708 A. L. Beer et al.

ª The Authors (2009). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
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63 cm). The resulting diameter of the circular visual field with object
motion was 30°.

This localizer was designed to activate visual motion processing
without any accompanying sensations of self motion induced by the
visual stimulus. This approach was chosen to make the definition of
PIC more comparable to previous descriptions of this area in studies
employing basic object motion cues that do not elicit self-motion
sensations (Beer et al. 2009; Claeys et al. 2003; Frank et al. 2014;
Orban et al. 2003; Sunaert et al. 1999). The probability of self-motion
sensations in the current localizer was minimized by switching co-
herent motion directions every second. During debriefing after scan-
ning, none of our participants reported sensations of self motion
during the localizer scan.

Scanning Parameters

Magnetic-resonance imaging was conducted with a 3-Tesla Allegra
head-only scanner (Siemens, Erlangen, Germany), using a single-
channel head coil. Functional imaging data were collected with a
T2*-weighted echoplanar imaging sequence covering the region sur-
rounding the Sylvian fissure (Fig. 2A) [time-to-repeat (TR) ! 1 s,
time-to-echo (TE) ! 30 ms, flip angle (FA) ! 90°, image matrix (IM) !
64 " 64 voxels, voxel-size ! 3 " 3 " 3 mm, 16 axial slices, no

interslice gap]. A high-resolution anatomical scan of each partici-
pant’s brain was acquired with a magnetization prepared rapid gradi-
ent echo (MP-RAGE) sequence (TR ! 2.25 s, TE ! 2.6 ms, FA ! 9°,
IM ! 256 " 256 voxels, voxel-size ! 1 " 1 " 1 mm, 256 sagittal
slices, no interslice gap).

Imaging Data Analysis

General. Anatomical and functional MRI data were analyzed with
FreeSurfer and the FSFAST toolbox (Martinos Center for Biomedical
Imaging, Charlestown, MA). High-resolution anatomical images of
each participant’s brain were reconstructed and inflated (Dale et al.
1999; Fischl et al. 1999). Functional images were motion corrected to
the first functional volume, coregistered to the reconstructed individ-
ual brain, smoothed with a three-dimensional Gaussian kernel (full-
width at half maximum ! 5 mm), and intensity normalized.

Univariate analysis. Functional localizer scans were analyzed us-
ing a general linear model (GLM) approach with a block design. Each
GLM model contained a linear scanner drift predictor and motion-
correction parameters as regressors-of-no-interest.

In the object motion localizer there were two regressors-of-interest,
one for blocks with moving dots, one for blocks with static dots

Visual Object Motion Localizer for PIC 

C

B

Vestibular Localizer for PIVC 

fMRI Acquisition Window

Participant 1 Participant 2 

Participant 1 Participant 2 

Participant 1 Participant 2 

SF SF 

PIC PIC 

PIVC PIVC 
p < 0.001 (FDR) p = 1.0000e-10 

A

Fig. 2. Definition of areas posterior insular cortex (PIC)
and parieto-insular vestibular cortex (PIVC) by means of
activations in visual object motion and caloric stimula-
tion, shown on inflated left and right hemispheres of two
sample participants. PIC and PIVC were also activated in
the other hemisphere of the shown participants, however,
not at the conservative threshold (p # 0.001, false-
discovery-rate corrected), used here for displaying pur-
pose. A: the functional MRI acquisition window (yellow
shading) was restricted to the region surrounding the
Sylvian fissure (SF). B: significantly stronger activation
in PIC during visual object motion compared with base-
line (!static objects). Color-coding ranges from red to
yellow and indicates increasing levels of statistical sig-
nificance (scale bar shown at bottom). In both sample
participants PIC was split in anterior and posterior clus-
ters. C: significantly stronger activation in PIVC during
caloric stimulation compared with baseline (!warm in
both ears). Color coding as in B.
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63 cm). The resulting diameter of the circular visual field with object
motion was 30°.

This localizer was designed to activate visual motion processing
without any accompanying sensations of self motion induced by the
visual stimulus. This approach was chosen to make the definition of
PIC more comparable to previous descriptions of this area in studies
employing basic object motion cues that do not elicit self-motion
sensations (Beer et al. 2009; Claeys et al. 2003; Frank et al. 2014;
Orban et al. 2003; Sunaert et al. 1999). The probability of self-motion
sensations in the current localizer was minimized by switching co-
herent motion directions every second. During debriefing after scan-
ning, none of our participants reported sensations of self motion
during the localizer scan.

Scanning Parameters

Magnetic-resonance imaging was conducted with a 3-Tesla Allegra
head-only scanner (Siemens, Erlangen, Germany), using a single-
channel head coil. Functional imaging data were collected with a
T2*-weighted echoplanar imaging sequence covering the region sur-
rounding the Sylvian fissure (Fig. 2A) [time-to-repeat (TR) ! 1 s,
time-to-echo (TE) ! 30 ms, flip angle (FA) ! 90°, image matrix (IM) !
64 " 64 voxels, voxel-size ! 3 " 3 " 3 mm, 16 axial slices, no

interslice gap]. A high-resolution anatomical scan of each partici-
pant’s brain was acquired with a magnetization prepared rapid gradi-
ent echo (MP-RAGE) sequence (TR ! 2.25 s, TE ! 2.6 ms, FA ! 9°,
IM ! 256 " 256 voxels, voxel-size ! 1 " 1 " 1 mm, 256 sagittal
slices, no interslice gap).

Imaging Data Analysis

General. Anatomical and functional MRI data were analyzed with
FreeSurfer and the FSFAST toolbox (Martinos Center for Biomedical
Imaging, Charlestown, MA). High-resolution anatomical images of
each participant’s brain were reconstructed and inflated (Dale et al.
1999; Fischl et al. 1999). Functional images were motion corrected to
the first functional volume, coregistered to the reconstructed individ-
ual brain, smoothed with a three-dimensional Gaussian kernel (full-
width at half maximum ! 5 mm), and intensity normalized.

Univariate analysis. Functional localizer scans were analyzed us-
ing a general linear model (GLM) approach with a block design. Each
GLM model contained a linear scanner drift predictor and motion-
correction parameters as regressors-of-no-interest.

In the object motion localizer there were two regressors-of-interest,
one for blocks with moving dots, one for blocks with static dots
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Fig. 2. Definition of areas posterior insular cortex (PIC)
and parieto-insular vestibular cortex (PIVC) by means of
activations in visual object motion and caloric stimula-
tion, shown on inflated left and right hemispheres of two
sample participants. PIC and PIVC were also activated in
the other hemisphere of the shown participants, however,
not at the conservative threshold (p # 0.001, false-
discovery-rate corrected), used here for displaying pur-
pose. A: the functional MRI acquisition window (yellow
shading) was restricted to the region surrounding the
Sylvian fissure (SF). B: significantly stronger activation
in PIC during visual object motion compared with base-
line (!static objects). Color-coding ranges from red to
yellow and indicates increasing levels of statistical sig-
nificance (scale bar shown at bottom). In both sample
participants PIC was split in anterior and posterior clus-
ters. C: significantly stronger activation in PIVC during
caloric stimulation compared with baseline (!warm in
both ears). Color coding as in B.
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63 cm). The resulting diameter of the circular visual field with object
motion was 30°.

This localizer was designed to activate visual motion processing
without any accompanying sensations of self motion induced by the
visual stimulus. This approach was chosen to make the definition of
PIC more comparable to previous descriptions of this area in studies
employing basic object motion cues that do not elicit self-motion
sensations (Beer et al. 2009; Claeys et al. 2003; Frank et al. 2014;
Orban et al. 2003; Sunaert et al. 1999). The probability of self-motion
sensations in the current localizer was minimized by switching co-
herent motion directions every second. During debriefing after scan-
ning, none of our participants reported sensations of self motion
during the localizer scan.

Scanning Parameters

Magnetic-resonance imaging was conducted with a 3-Tesla Allegra
head-only scanner (Siemens, Erlangen, Germany), using a single-
channel head coil. Functional imaging data were collected with a
T2*-weighted echoplanar imaging sequence covering the region sur-
rounding the Sylvian fissure (Fig. 2A) [time-to-repeat (TR) ! 1 s,
time-to-echo (TE) ! 30 ms, flip angle (FA) ! 90°, image matrix (IM) !
64 " 64 voxels, voxel-size ! 3 " 3 " 3 mm, 16 axial slices, no

interslice gap]. A high-resolution anatomical scan of each partici-
pant’s brain was acquired with a magnetization prepared rapid gradi-
ent echo (MP-RAGE) sequence (TR ! 2.25 s, TE ! 2.6 ms, FA ! 9°,
IM ! 256 " 256 voxels, voxel-size ! 1 " 1 " 1 mm, 256 sagittal
slices, no interslice gap).

Imaging Data Analysis

General. Anatomical and functional MRI data were analyzed with
FreeSurfer and the FSFAST toolbox (Martinos Center for Biomedical
Imaging, Charlestown, MA). High-resolution anatomical images of
each participant’s brain were reconstructed and inflated (Dale et al.
1999; Fischl et al. 1999). Functional images were motion corrected to
the first functional volume, coregistered to the reconstructed individ-
ual brain, smoothed with a three-dimensional Gaussian kernel (full-
width at half maximum ! 5 mm), and intensity normalized.

Univariate analysis. Functional localizer scans were analyzed us-
ing a general linear model (GLM) approach with a block design. Each
GLM model contained a linear scanner drift predictor and motion-
correction parameters as regressors-of-no-interest.

In the object motion localizer there were two regressors-of-interest,
one for blocks with moving dots, one for blocks with static dots
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Fig. 2. Definition of areas posterior insular cortex (PIC)
and parieto-insular vestibular cortex (PIVC) by means of
activations in visual object motion and caloric stimula-
tion, shown on inflated left and right hemispheres of two
sample participants. PIC and PIVC were also activated in
the other hemisphere of the shown participants, however,
not at the conservative threshold (p # 0.001, false-
discovery-rate corrected), used here for displaying pur-
pose. A: the functional MRI acquisition window (yellow
shading) was restricted to the region surrounding the
Sylvian fissure (SF). B: significantly stronger activation
in PIC during visual object motion compared with base-
line (!static objects). Color-coding ranges from red to
yellow and indicates increasing levels of statistical sig-
nificance (scale bar shown at bottom). In both sample
participants PIC was split in anterior and posterior clus-
ters. C: significantly stronger activation in PIVC during
caloric stimulation compared with baseline (!warm in
both ears). Color coding as in B.
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correction parameters as regressors-of-no-interest.

In the object motion localizer there were two regressors-of-interest,
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Visual Object Motion Localizer for PIC 

C

B

Vestibular Localizer for PIVC 

fMRI Acquisition Window

Participant 1 Participant 2 

Participant 1 Participant 2 

Participant 1 Participant 2 

SF SF 

PIC PIC 

PIVC PIVC 
p < 0.001 (FDR) p = 1.0000e-10 

A

Fig. 2. Definition of areas posterior insular cortex (PIC)
and parieto-insular vestibular cortex (PIVC) by means of
activations in visual object motion and caloric stimula-
tion, shown on inflated left and right hemispheres of two
sample participants. PIC and PIVC were also activated in
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Sylvian fissure (SF). B: significantly stronger activation
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