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It was recently demonstrated that modulations in 
resting-state networks (RSNs) can be introduced via the 
stimulation of the vestibular inner ear by a strong magnetic 
field (>1 tesla) as used in magnetic resonance imaging 
(MRI) [1,2]. This magnetic vestibular stimulation (MVS) 
of the inner ear leads to a state of vestibular imbalance and 
can be verified behaviorally via nystagmus eye-movement 
[3-11].

We have now demonstrated how these MVS-induced 
RSN modulations can be addressed in fMRI analysis on 
the group-level [12]. We propose a parameter, derived 
from high-resolution anatomical imaging of the inner 
ear, that can be used for regressing out significant parts 
of the variance in RS-fMRI fluctuations [12]. We acquired 
RS-fMRI, and high-resolution CISS anatomical images 
of the inner ear in a sample of N=60 healthy volunteers 
balanced for age, gender, and handedness. We created a 
subject-specific proxy for MVS, “pMVS”, that corresponds 
to the sinus of the angle between the individual horizontal 
semicircular canal and the static magnetic field direction 
(also called “z-direction” in MR imaging). We found 
that pMVS explained a considerable fraction of the total 
variance in RS-fMRI fluctuations (from 11% up to 36%). 
In addition to pMVS, we examined the angle of Reid’s 
plane, as determined from anatomical imaging, as an 
alternative and found that this angle (with the same sinus-
transformation as for pMVS) explained considerably less 
variance, e.g., from 2% to 16%.

Our results show that it is possible to account for 
significant parts of the modulations in RSNs due to MVS. 
This is noteworthy for RS-fMRI analysis as this variability 
would otherwise have been part of the error term in the 
group-level regression model. Therefore, we categorize our 
approach analogous to established nuisance regression 
methods for RS-fMRI, like motion or pulsation regression. 
In our analysis it was better to use the CISS-derived 
orientations of the inner ear than to use the orientation of 
Reid’s plane. We, therefore, recommend acquiring high-
resolution anatomical images (CISS or similar) of the inner 
ear in addition to RS-fMRI and use the described pMVS 
parameter in the group-level analysis to capture variance 
associated with MVS and vestibular imbalance. 

We conclude this commentary with a short review of MVS 
and give an outlook on the potential of MVS for future 
vestibular research. 

MVS can be demonstrated in healthy controls as well 
as in patients with unilateral vestibular failures, but was 
absent in patients with complete bilateral vestibular loss, 
indicating that the inner ear is the origin of the stimulation 
[3]. Studies with mammals (e.g., rats, mice, and humans) 
have revealed signs of vestibular imbalance and dizziness 
in magnetic fields above 1 tesla [13,14]. For rats and mice, 
neuronal activity in the brain stem due to the presence of 
ga magnetic field was indicated via immunohistochemistry 
labeling of c-fos (a protein associated with the generation 
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of action potentials). It was shown that this signal was 
abolished by labyrinthectomy [15]. Furthermore, the 
distribution of c-fos in the vestibular nuclei of the rats 
was shown to depend on the angle of the rat’s inner ear 
relative to the field. This was also reflected in the behavior 
of the rats, i.e., they swam in circles (“circling behavior”) 
after 15 min exposure to the magnetic field [16]. If the mice 
were oriented 90° relative to the MR-field, no significant 
c-fos induction (relative to sham treatment group) could 
be shown, and these mice did not show circling behaviors. 
In contrast, orientation at 0° and 180° relative to the field 
produced significant c-fos induction in the vestibular 
nuclei with a left-right asymmetry. This asymmetry was 
reverse for 180° vs. 0° orientation and reflected in the 
circling behavior, which was either clockwise or counter-
clockwise, respectively [16]. 

A Lorentz force model was proposed for MVS, that 
explains not only the occurrence, direction, and 
persistence of the observed nystagmus (and the circling 
behavior of the rats) but also its dependence on the head 
positions within the static magnetic field and the strength 

of the magnetic field itself [3,5]. Based on eye-tracking 
data in healthy controls and patients, it is assumed that 
the MVS acts most dominantly on the semicircular canals 
[9,10]. The vestibular stimulation is most likely caused by 
ionic currents coming from the hair cells or the utriculus, 
which due to a Lorentz-force creates a pressure onto the 
cupula of (mainly) the horizontal and (to a lesser extend) 
the anterior canal [3-6,9-11,16-18]. As MVS is a byproduct 
of MR-scanners, it was unknowingly applied to thousands 
of subjects and patients over the last decades. It can, 
therefore, be concluded that MVS used over multiple 
hours is safe and does not have any long-lasting adverse 
effects [6,18,19]. 

We suggest that MVS should be seen as a new way of 
manipulating networks that either process vestibular 
information or show vestibular interactions, by using 
strong magnetic fields ≥1 tesla. MVS can be studied 
behaviorally by examining the associated nystagmus and in 
imaging experiments using resting-state fMRI. For fMRI, 
a modulation is necessary to reveal the MVS modulation 
as fMRI does not provide an absolute signal. This can be 
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Figure 1: Schematic of the mechanism of magnetic vestibular stimulation (MVS) is shown on the left, and the 
resulting eye movements (nystagmus) are shown on the right. The strong MR magnetic field B0 (indicated by a 
yellow arrow) interacts with the currents (indicated by green arrows) coming from the Utricle near the Cupula of the 
horizontal semicircular canals (hSCCs). This leads to a Lorentz force which pushes onto the Cupula. The stimulation 
is symmetric for the left hSCC and right hSCC, but due to the mirror symmetry of the two sides, this stimulation lead 
to an increase in firing rate on one side and to a decrease on the other side, creating a state of vestibular imbalance. 
This state of vestibular imbalance leads to nystagmus eye movements in the absence of fixation (e.g. in total darkness). 
The nystagmus was observed in healthy subjects but was absent for patients with bilateral vestibular loss, indicating a 
stimulation of the semicircular canals.
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done, either by repeating the same experiment at scanners 
with different field strengths, different field directions 
(south pole at foot end vs. south pole at the head end of 
the MRI, e.g., Siemens vs. Philips) or by varying the head 
positions across different sessions [1,2,12]. It is crucial to 
keep in mind that the effect of MVS is not like the constant 
acoustic noise stimulation during fMRI. MVS induces an 
imbalance state with a directional preponderance, i.e., 
has a signed difference effect, unlike audible noise that 
can be supposed to be equal and balanced for the auditory 
network and its connections. The potential of modulating 
or inducing vestibular imbalances can be used to create 
states that are similar to the diseased state in healthy 
controls, but without peripheral or central lesions that 
patients have. In patients, this will allow to extend or 
reduce vestibular imbalances. 

Recent studies examining patients with vestibular deficits 
using resting-state fMRI showed widespread changes in 
various networks similar to our findings for MVS [20-
22]. Our results suggest caution when interpreting such 
studies. In the case of patients with bilateral vestibular 
loss, it should be noted that the patients will not show an 
MVS influence, but the healthy control group will be under 
the influence of MVS [1-3,12,20]. This might then lead 
to changes in the comparison of differences between the 
two groups as examined with fMRI that are not expected 
to appear in imaging methods without the use of strong 
magnetic fields, e.g., PET (for a methods review see [19]). 
In this case, the healthy controls might be more akin to 
patients with acute unilateral vestibular neuritis, given 
that such patients also show a directional imbalance with 
horizontal nystagmus, not unlike that evoked by MVS [1-
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Figure 2: Schematic of the causal relationship leading from MVS of the inner ear to modulations of RS-fMRI 
fluctuations. The subjects are in different head positions in the MR magnetic field and even if they are in the same 
head position, their inner ear orientations are slightly different. All of this variability in orientations of the inner ear 
leads to different strength and direction of MVS and therefore variability in the state of vestibular imbalance for each 
subject. This in turn leads to different modulations of the resting-state fluctuations.
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3,5,12]. For studies of vestibular neuritis patients versus 
healthy controls (e.g. [21,22]), MVS effects should be 
expected for both the patients and the healthy controls [1-
3,5,12]. However, MVS will affect patients with unilateral 
vestibular deficits differently than healthy controls, which 
will then further obscure the real differences between the 
two groups [5]. This means that the reported differences 
at every time interval during the compensation period 
relative to the healthy control group will be obscured or 
biased by MVS. However, the trajectory of recovery of 
the patients and, therefore, the path of associated relative 
differences to the healthy controls might not be affected 
by MVS influence. Thus, the trend of the change of the 
disputes over the time intervals of compensation should 
be unaffected by MVS. This requires, however, that the 
subjects are imaged in, at least, very similar head positions 
and field strength at every time interval of compensation 
to stay comparable over the time intervals [1,2]. In the 
resting-state study on vestibular neuritis patients, it is 
interesting to note that no significant correlations were 
found for the caloric testing covariate. However, this is 
usually a good indicator of impairment or restoration of 
vestibular function [22]. One might speculate that MVS 
had obscured this correlation because MVS seems to share 
essential characteristics in terms of temporal dynamics 
with caloric stimulation [6, 18].

In summary, in a sufficiently strong (e.g., ≥1 Tesla) 
magnetic field, MVS will induce a state of vestibular 
imbalance in each healthy subject. The variability 
between subjects will increase with field strength due 
to the multiplicative nature of the Lorentz-force. These 
effects may lead to biased results and reduced statistical 
significance. However, as we have shown, the variance can 
be reduced by using the pMVS parameter as an additional 
regressor in the group-level analysis [1,2,12].

There are essential limitations in the current research 
and future avenues for research to consider, that we want 
to highlight. 

First, our approach of “regressing out a nuisance” 
might suffer from similar drawbacks like other nuisance 
regression methods, e.g., motion regression. By this we 
mean, that it is simply better to avoid the occurrence of MVS 
altogether, rather than to use regression of the associated 
parameter, just like for other nuisance processes. In other 
words, it is better to avoid MVS from occurring (just as it is 
better to prevent motion from occurring during imaging), 
than it is to regress these nuisances out of the data. If one 
wants to avoid the effects of MVS, this can be achieved 
by adjusting the head position of each subject until the 
“null-position”, where MVS is minimal or not present is 
found, as MVS depends on the orientation of the inner ear 
relative to the “z-direction” of the MR static magnetic field 

[3]. Eye-movements of the subject must be checked for the 
nystagmus resulting from to MVS, and the head position 
must then be changed iteratively until no nystagmus is 
measurable any longer. This would then also deal with 
any dynamic effects of MVS on RSNs, as our current 
regression method only deals with average effects, not 
with dynamic effects. There are two important drawbacks 
of this method for finding the “null-position”. The first is 
that it is cumbersome to measure eye movements while 
adjusting each subject before imaging. The second and 
more important drawback is that it might not be possible to 
change the head position of some participants as MRI head 
coils are rather small by design, in order to restrict motion 
and to achieve a good signal to noise ratio by bringing the 
coil close to the head. Maybe in the future, manufacturers 
could create MRI head coil systems that could be worn like 
a cap and allow positioning of the head such that avoidance 
of MVS and  signal to noise ratio can be achieved in 
tandem. Generally, controlling for MVS should be seen as 
an effort to remove unwanted variance, i.e., as an effort to 
homogenize the group and achieve better statistical results 
due to less (uncontrolled) MVS interference that increases 
bias and variance with increasing field strength. 

Second, currently, we do not know how to measure current 
density in the inner ear. As current density is the second 
factor that can vary in the Lorentz force model besides the 
angle between the current and the magnetic field, it would 
be imperative to get a handle on this parameter. Were 
it possible to measure this current strength; this would 
be a great additional tool for the study of MVS and the 
vestibular periphery. 

Third, although we seek a simple method to correct for 
the MVS influence like the inner ear anatomy, instead 
of having to measure the nystagmus eye movements, it 
would be essential to track and segment simultaneous 
eye-movements during RS-fMRI. As the nystagmus eye-
movements due to MVS are only visible if the subject does 
not actively move her eyes, one could use the nystagmus 
as a label for “interoceptive” periods. More research is 
necessary to examine the relationship of “interoception”, 
“mind wandering” and periods of nystagmus vs active 
eye-movements for exploration. MVS could be a tool for 
monitoring state changes during RS-fMRI. This could also 
be an approach for future research into the dynamics of 
MVS in the individual subject as the slow-phase velocity 
of the nystagmus changes over time, reflecting set-point 
adaptation processes [6,18]. 

Fourth, in our current study, no conscious percept of the 
subjects, such as the strength of their vestibular percept 
and differences in alertness or how much they engaged 
in interoception, was assessed. A reporting system or 
questionnaire for assessing these values would be useful 
for further studies.
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Fifths, we have not assessed the full morphometry of the 
inner ear. For example, the relationship of the utriculus 
position and orientation towards the horizontal and 
superior semicircular canals would be an exciting topic for 
future studies of MVS. We leave this and other assessments 
of the inner ear morphology to future research when 
higher-resolution imaging and detailed morphometrical 
modeling are available. 

Sixth, there was no systematic variation of the time until 
the RS-fMRI sequence was started, i.e., how long the 
subjects were in the MRI before the RS-fMRI sequence 
started. However, all participants were in the MRI for 
several minutes previous to the RS-fMRI sequence, i.e., 
enough time for the MVS dynamic modulation effect to 
have stabilized [6, 18]. The time difference was used as 
a regressor, and the rank-transformed version was also 
included; both regressors did not explain a significant 
fraction of the variance in this study [12]. It could be an 
interesting topic for future studies to examine dynamic 
changes over the RS-fMRI acquisition within individual 
subjects concerning the dynamic changes in MVS in the 
first few minutes upon entering the MRI. 

Seventh, we have focused on between-subject variance, 
and, likely, our suggestion for the simple regression of 
inner ear morphology parameters is not sufficient to 
remove the MVS effect in single subject RS-fMRI. In order 
to measure the full variability due to MVS in resting-
state fMRI for an individual participant, a study with 
subjects undergoing substantial head angle changes (and 
therefore change in the angle for the semicircular canals) 
would be needed. Simultaneous eye movement recordings 
and fMRI acquisition for many different head positions 
repeated in multiple MR field strengths produced by 
different MRI scanners would also be necessary. This 
could then allow measurement of the MVS modulation 
effect on the individual level. In other words, one would 
have to not only do an experiment with different MR 
magnetic field strengths but also simultaneously observe 
the modulation due to different head orientations for a 
subject in such a way that the current density intrinsic to 
the subject remains the only determinable factor. Besides, 
future studies are needed to examine the influence of both 
vestibular end organs with all their separate components, 
such as left and right, anterior, posterior and horizontal 
semicircular canals as well as utricle and saccule, on the 
nystagmus as well as the different vestibular brain areas in 
RS-fMRI studies. 

All in all, we see an excellent future for MVS research and 
vestibular research in general.
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