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differences within both, the area OP2 and the PIC, while the contrast sham conditions > GVS

conditions did not reveal any significant voxel within area OP2 or the PIC.

Figure 5. <A rendering of the voxel-level FWE corrected non-parametric activations for the contrast GVS >
sham over all rotation tasks presented on a glass brain (Madan, 2015). The upper left 3D rendering is the side
view from the right side and the right rendering shows a frontal view. %Goronal slices of the networks are

illustrated to show the same activations. The coronal slices were created in MRIcron (Rorden and Brett, 2000).

For more details see table 1.3
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Region X Y Z Number of Pseudo T Peak p
voxels

Conjunction egocentric rotation sham > object rotation sham, whole brain

Right middle 14 -20 46 M 3.58 >.001, uncorr.
cingulate
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Right Rolandic 40 -32 18 37 450 > .001, uncorr.
Operculum

Conjunction egocentric rotation sham > object rotation sham within PIC

Right PIC 42 -32 20 39 4.39 .003, SVC-FWE

Left PIC -38 -32 20 2 3.23 .034, SVC-FWE

Conjunction egocentric rotation sham > object rotation sham within OP2

Right OP2 38 -28 20 3 4.89 .005, SVC-FWE

no rotation GVS > no rotation sham, whole brain

Right Rolandic 38 -30 20 6 5.57 .019, SVC-FWE
Operculum

GVS > sham overall, whole brain

Right Rolandic 38 -32 18 31 797 >.001, SVC-FWE
Operculum
Left Middle Cingulum -12 -18 40 17 7.63 >.001, SVC-FWE
Left Middle Cingulum 12 -18 L 122 6.56 >.001, SVC-FWE
Right Precentral Gyrus 36 -16 Ly 54 5.72 >.001, SVC-FWE
Right Cuneus 16 -76 32 12 5.48 >.001, SVC-FWE
Left Insula -34 -32 22 46 5.10 >.001, SVC-FWE
GVS > sham overall within PIC
Right PIC 38 -30 20 63 6.90 > 0.001, SVC-FWE
Left PIC -38 -32 20 229 4.92 >0.001, SVC-FWE
GVS > sham overall within OP2
Right OP2 36 -28 20 16 6.91 >0.001, SVC-FWE
Left OP2 -36 -30 20 3 3.42 0.021, SVC-FWE

PPl analyses

The PPI analyses for the selected seed regions (right PIC and right OP2) and the contrasts of
interest (egocentric sham versus object sham & no rotation GVS versus no rotation sham)

did not reveal any functional coupling that survived correction for multiple comparisons.
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Discussion

The idea that vestibular areas not only process physical motion of one's body but also
supply a computational mechanism for imagined changes of self-location has fueled
research on vestibular cognition in the last couple of years (Ellis and Mast, 2017; Mast et al,,
2014). Several studies have attempted to influence participants’ egocentric mental rotation
ability through vestibular stimulation, with varying outcomes (Deroualle et al,, 2015; Dilda et
al., 2011; Falconer and Mast, 2012; Lenggenhager et al, 2008; van Elk and Blanke, 2014).
Moreover, separate evidence from neuroimaging studies on vestibular processing and on
egocentric mental rotation suggest an overlap in the underlying neural processes. However,
actual evidence for this idea within the same participants, or even within the same study,
has been lacking. In the current investigation, we identify the hypothesized neural overlaps

between the processing of perceived self-motion induced by GVS and simulated self-motion.

Overlapping brain areas in the vestibular cortex

The neuroimaging data indicate that both, egocentric mental rotation and vestibular
processing recruit brain areas within the vestibular cortex, in the current study
operationalized as area OP2 and the PIC following the results of previous vestibular
neuroimaging meta-analyses (Lopez et al., 2012; zu Eulenburg et al,, 2012) and new insights
into the functional and anatomical complexity of the vestibular cortex (Frank and Greenlee,
2018). In addition, the positive correlation between the PIC-BOLD contrast estimates for the
effects of egocentric rotation versus object rotation and GVS suggests that the shared neural
processes in this area are recruited to a similar degree by egocentric rotation and galvanic

input. No correlation was found for the OP2 contrast estimates.
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Indeed, the current investigation is the direct demonstration that vestibular brain
areas are recruited more during egocentric mental rotation than during object rotation, in
line with the large body of literature suggesting such an involvement (Candidi et al., 2013;
Deroualle et al,, 2015; Falconer and Mast, 2012; Grabherr et al,, 2011; Grabherr and Mast, 2010;
Lenggenhager et al, 2008; Mast et al,, 2014; van Elk and Blanke, 2014). Only one previous
study compared neural activity pattern during vestibular imagery and vestibular stimulation
(zu Eulenburg et al, 2013). In that study, participants first underwent yaw rotations on a
rotation chair and were instructed to recall the sensation of the experienced rotations
afterwards during fMRI. The activations were compared to neural responses of vestibular
processing induced by GVS. While GVS led to activity in the bilateral parietal operculum,
bilateral supramarginal gyrus, inferior parietal lobule and other areas, the vestibular recall
activated a network of brain areas involved in spatial referencing, motor processing and
attention, but no significant activations or deactivations within areas known for processing
vestibular information such as area OP2 or the PIC. Yet, it is unclear how participants solved
the vestibular recall task in fMRI, as they were not asked about the strategy they used for the
recall. The authors conclude that the high difficulty of vestibular recall might have prevented
an intentional access of vestibular core areas. Moreover, the participants were exposed to
the rotations while they were upright, and then later, when lying in the scanner, they had to
recall the sensation in the supine position. The change in posture with respect to gravity
makes it hard to comply with task instructions. In contrast, the present study used an
established task of egocentric mental rotation and object mental rotation (Keehner et al.,
2006). Our results suggest that the area that is processing vestibular information and is
more involved in egocentric mental rotation relies on the area OP2 and PIC. The PIC has

been shown to be responsive to artificial vestibular stimulation (Billington and Smith, 2015;
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Frank et al,, 2014, 2016b) but also to visual motion (see Frank and Greenlee, 2018 for a recent
overview). Due to its proximity to the PIVC, activity in the PIC has sometimes been
misattributed to the PIVC. Only in the last couple of years, there has been evidence that the
PIC is anatomically (Wirth et al,, 2018) and functionally (Billington and Smith, 2015; Frank et
al, 2014, 2016a) different. In contrast, the PIVC is suggested to be activated by vestibular
stimulation and inhibited by visual stimulation. Moreover, the PIC is connected to regions
that are associated with the perception of self-motion such as the CSv (Smith et al., 2011,
2017; Wall and Smith, 2008). The observed activity in the PIC rather than the PIVC in the
present study could be due to nature of the task. In fact, participants had to mentally rotate
themselves along an arrow that was presented visually. Thus, it cannot be excluded that the
egocentric mental rotation relied on visuo-vestibular strategies despite the absence of
visual motion cues.

Egocentric mental rotation is suggested to be an important mechanism in social perspective
taking, which is performed on a daily basis and therefore is a highly trained ability (Kessler
and Thomson, 2010). Thus, if perspective taking does in fact rely on areas involved in
vestibular processing, it is reasonable to assume that an egocentric mental rotation task can
activate vestibular core areas in a more subtle way. Additional evidence that the ability to
perform egocentric mental rotations relies on the recruitment of vestibular core areas stems
from the post-hoc correlational analysis between the brain activity during egocentric mental
rotation and the corresponding median reaction times. In the present study, participants
with more activity in the overlapping cluster within area OP2 and the PIC for the contrast
egocentric sham > object sham were also faster during the egocentric as compared to

object-based rotation during sham stimulation. We suggest that this increased activity in
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area OP2 and the PIC could be a predictor for the ability to perform egocentric mental

rotations, though no causal inference can be made from the current data.

No influence of GVS on behavior

Previous studies showed that GVS can influence egocentric mental rotation (Dilda et al., 2011;
Lenggenhager et al,, 2008) and perspective taking (Ferré et al., 2014; Pavlidou et al., 2017).
Studies using other artificial and natural vestibular stimulation techniques were further able
to influence egocentric mental rotation (Falconer and Mast, 2012; Grabherr et al., 2007; van
Elk and Blanke, 2014), and it has been shown that patients with vestibular disorders display a
deteriorated ability to perform egocentric mental rotations (Candidi et al., 2013; Grabherr et
al, 2011). In contrast, the results of this study show no influence of GVS on reaction times for
egocentric and object mental rotation, and only a small influence on accuracy. In this
context it is important to note that the present data show a difference in task difficulty
between both tasks, with egocentric rotation being considerably easier (reaction times were
faster and there was a higher proportion of correct responses). Similar results were obtained
by Keehner and colleagues (2006) who used the same task. There is also no interaction of
the rotation task and vestibular stimulation on the behavior level. Not surprisingly, a
whole-brain analysis for the interaction of the rotation task and stimulation did not reveal
any significant effects. One possibility to account for the absence of a behavioral effect is
that the stimulation profile used in this study may not have been strong enough to interfere
with egocentric mental rotation, especially in the supine position inherent to fMRI
experiments. Given the recent advances in the flexibility and spatial precision of
magnetoencephalography (Boto et al, 2018), future studies using this technique may

potentially overcome this problem.
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In addition, as egocentric mental rotation is an essential ability in daily life and vestibular
processing is constantly ongoing, it seems reasonable to suggest that even though both
these processes rely on shared mechanisms, there may be enough resources for processing
both of them in parallel. The proportion of correct responses was very high, indicating low
task difficulty. Because previous literature suggests a mental self-rotation strategy at angles
above 90° (Kozhevnikov and Hegarty 2001), we only used three different angles of rotation.
This may have reduced task difficulty and may have reduced a potential interference from
concurrent GVS. However, the proportion of correct responses in the current study was
comparable to the data presented by Keehner and colleagues (2006), who additionally used
angles of 30° and 60°. Moreover, behavioral studies that found an effect of vestibular
stimulation on egocentric mental rotation report similar proportions of correct responses,
indicating similar levels of difficulty. It is important to note that the task was designed to
allow disentangling an egocentric and allocentric mental rotation strategy with the identical
visual stimuli. This was important for the analysis of the neuroimaging data, and - despite
the absence of an influence of GVS - the behavioral data provide compelling evidence that

participants used the two strategies as instructed.

Vestibular activation

The present activation patterns elicited by GVS are comparable to other vestibular
neuroimaging studies. Mainly, in the present study, GVS elicited activity in the right parietal
operculum, more specifically in area OP2 and the Posterior Insula Cortex. This is in line with
two recent meta-analyses (Lopez et al,, 2012; zu Eulenburg et al,, 2012) and a previous study

that used GVS to delineate the primary human vestibular cortex and located it in the right
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hemisphere of area OP2 (Eickhoff et al,, 2006). Our results also underline the predominance
of the non-dominant right hemisphere for vestibular processing (e.g. Dieterich et al,, 2003).

The contrast of GVS versus sham over all rotation tasks revealed activity in the bilateral
middle cingulate sulcus. Interestingly, similar activations in the bilateral cingulate sulcus
elicited by GVS have been reported previously (Smith et al., 2011). This area has been
detected by the same group as a response to egomotion induced by optic flow (Wall and
Smith, 2008) and accordingly been labelled CSv. It is hypothesized that the CSv is involved in
processing heading information (Wall and Smith, 2008) and potentially involved in
visuo-vestibular interactions (Smith et al, 2017). Moreover, intracranial stimulation around
this area has been shown to elicit vestibular sensations (Caruana et al., 2018). Interestingly,
there is compelling evidence that there is anatomical and functional connectivity between

the CSv and the PIC (Smith et al., 2018).

Conclusion

Our results confirm recent ideas that vestibular brain areas are involved in egocentric
mental rotation. The current study provides first evidence that both vestibular processing
and egocentric mental rotation rely on overlapping activation within the vestibular cortex,
specifically the PIC and area OP2. Part of the vestibular cortex is thus associated with the
processes underlying mental self-rotation, demonstrating that vestibular areas are also
involved when self-rotation is imagined while there is no vestibular sensory input causing

the activation.
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