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Abstract

Aging is associated with peripheral and central declines in vestibular processing and pos-
tural control. Here we used functional MRl to investigate age differences in neural vestibular
representations in response to pneumatic tap stimulation. We also measured the amount of
body sway in multiple balance tasks outside of the MRI scanner to assess the relationship
between individuals’ balance ability and their vestibular neural response. We found a gen-
eral pattern of activation in canonical vestibular cortex and deactivation in cross modal sen-
sory regions in response to vestibular stimulation. We found that activation amplitude of the
vestibular cortex was correlated with age, with younger individuals exhibiting higher activa-
tion. Deactivation of visual and somatosensory regions increased with age and was associ-
ated with poorer balance. The results demonstrate that brain activations and deactivations
in response to vestibular stimuli are correlated with balance, and the pattern of these corre-
lations varies with age. The findings also suggest that older adults exhibit less sensitivity to
vestibular stimuli, and may compensate by differentially reweighting visual and somatosen-
SOry processes.

Introduction

One third of older adults above age 65 years fall at least once per year [1], impacting quality of
life and resulting in significant healthcare costs. Balance control is a complex sensorimotor-
cognitive process, requiring perception and integration of visual, somatosensory, and vestibu-
lar inputs. Age effects on the vestibular system have been more extensively studied in recent
years[2-4]. Several investigations have documented degeneration of vestibular neurons and
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hair cells with age. For example, Matheson et al. [5] reported that up to 40% of vestibular cells
are lost by age 90. Moreover, neurons in the vestibular nuclei are lost at a rate of about 3% per
decade after age 40 [6]. Despite these reports, studies have generally not reported associations
between these peripheral vestibular changes and functional measures of balance.

Recent fMRI experiments have successfully mapped out central vestibular processing networks
[7]. Two meta-analyses have shown that many brain regions are involved in vestibular processing,
including the superior temporal gyri, inferior parietal cortex, middle frontal lobe, posterior cingu-
late, thalamus, and cerebellum [8,9]. The parietal opercular area OP2 and retroinsular cortex were
the most commonly activated regions by different vestibular stimulation modes.

Central cortical responses to vestibular inputs are also affected by age [3]. Karim et al. [10]
used an MR compatible force platform to simulate an active balance task while acquiring fMRI
data. They found that older adults showed activation in the bilateral middle temporal gyri and
fusiform gyri when performing the balance task inside the scanner. However, the authors only
tested older adults in this study, precluding an analysis of age differences; in addition, the task
likely engaged multiple sensory systems. In another study, the same group used fNIRS during
upright balance assessments and reported that older adults exhibited greater bilateral activa-
tion in the superior temporal gyri in response to caloric vestibular stimulation in comparison
to young adults [11]. Lin and colleagues [12] also used fNIRS to examine brain activity during
upright balance tasks and found greater activation in occipital and frontal regions for older
adults compared to middle aged adults. In contrast to these reports of age-related increases in
cortical response, Cyran et al. [13] found that vestibular network functional connectivity (mea-
sured during galvanic vestibular stimulation) declines with age, and this decline is independent
of changes in white matter microstructure measured with diffusion MRI. The authors also
found that age differences in task-based vestibular connectivity were associated with a decrease
in blood-oxygenation level dependent (BOLD) signal amplitude and an increase in its variabil-
ity. However, they did not measure balance and thus the behavioral implications of their find-
ings remain unclear.

Some studies have examined the functional impact of age differences in vestibular process-
ing by correlating MRI measures of brain structure or function with balance measured outside
of the scanner. For example, Sullivan et al. [14] showed that age-related increases in body sway
were associated with increased white matter hyper-intensities and enlargement of the ventri-
cles and sulci. Another study by Impe et al. [15] used diffusion MRI and showed that white
matter integrity was predictive of postural stability when different sensory modalities were
compromised during a sensory organization test, but only in older adults. Furthermore, Yuan
et al. [16] showed that greater resting state functional connectivity (between sensorimotor,
visual, vestibular, and left fronto-parietal cortical areas) is associated with higher walking
speed in older adults (with the latter measured outside of the scanner). However, the authors
did not provide a comparison between young and older adults.

Thus, the literature documents that older adults recruit more brain regions than young
adults for balance and vestibular processing, while the connectivity of these regions is weaker
than in young adults. This is generally similar to what has been reported for age differences in
cognitive task performance [17,18] and motor task performance [19]. In general, previous
reports of age differences in neural responses suggest a complex pattern of over- and under-
activation [20,21]. Oftentimes the greater activation in older adults is interpreted as compensa-
tory because it is correlated with better task performance [22,23]. However, greater neural acti-
vation in older adults has also been viewed as dedifferentiation when it is associated with
poorer performance [18].

In the current study we used fMRI during central vestibular processing to examine age dif-
ferences in neural activation and deactivation and their associations with balance abilities. We
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stimulated the vestibular system in the MRI scanner using a pneumatic tapper device (previ-
ously validated in Noohi et al. [24]) and measured postural stability outside of the scanner to
test for associations between vestibular brain responses and balance with respect to age. Fur-
man and Redfern [25] have suggested using alternative vestibular stimulation methods for
older adults that are more sensitive and tolerable, since the current clinical methods are some-
times not sensitive enough to detect age differences. In our previous report with young adults
[24] we found that low level pneumatic taps to the lateral cheekbones were well tolerated;
moreover, activation in several brain regions was correlated with balance abilities. Here, we
hypothesized that healthy older adults would show an overall increase in brain activation in
response to vestibular stimulation compared to young adults. We also expected that the magni-
tude and pattern of vestibular neural responses would correlate with individual differences in
postural stability and balance control.

Materials and methods

Participants

We recruited 15 healthy, right-handed older adults (65-80, x = 71.2 + 4.14, 10 females) and 18
healthy, right-handed young adults (18-35, X = 21 + 2.44, 8 females) from the University of
Michigan M Health Research recruiting website. Subjects were screened prior to participation
in the study and were excluded if they had any neurological, vestibular, or postural disorder or
contraindications for MRI scanning. Individuals with scores of <26 on the Montreal Cognitive
Assessment (MOCA) were excluded from the study [26]. The University of Michigan Medical
Institutional Review Board approved the current study, and all subjects signed the written
informed consent document prior to participation.

Balance assessments

Center of Pressure (CoP) measures. Participants underwent a series of balance assess-
ments on a force platform (AMTI Inc, USA) and center of pressure was captured via a Vicon
motion capture system (Nexus, Vicon Inc). The balance tasks were categorized into four con-
ditions: Romberg [feet placed together], tandem [feet placed heel to toe], normal stance, and
single leg stance, with multiple levels of difficulty: eyes closed/open, still/yaw/pitch head move-
ment, arms crossed/free, and on firm/compliant surface. Each of these conditions served to
increase the difficulty of postural stability by removing or challenging a particular sensory
input: closing the eyes removed the visual inputs, head movements challenged the vestibular
system, crossing the arms served to prevent compensatory strategies, and the compliant sur-
face challenged the somatosensory/tactile system.

The yaw and pitch head movements consisted of sinusoidal movements (roughly +20°, 0.6
Hz). Subjects were instructed to match their head movement to the beat of a metronome (0.6
Hz) that was used consistently for all subjects, within their comfort level. High-density visco-
elastic foam was used as the compliant surface (length = 45cm, width = 45cm,
thickness = 18cm; Natus Inc.). Subjects were instructed to take off their shoes before standing
on the force platform and the viscoelastic foam. The order of the tasks was counterbalanced
across subjects. Two spotters stood by the subjects to provide support in case of a fall.

The amount of body sway in these tasks reflected individual differences in postural stability.
We calculated the amount of body sway as the area of an ellipse fit to the 95™ percentile confi-
dence interval of center of pressure motion in the anterior-posterior and medial-lateral direc-
tions [27]. Better postural stability was reflected as less body sway and smaller ellipse size. The
center of pressure measures have been validated in previous studies and shown to be highly
correlated with the measures from Sensory Organization Tests [28].
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For each task, we instructed subjects to maintain their balance for 30 seconds. If they lost
their balance, the trial was stopped prematurely and was not included in the analysis. The mea-
sures of body sway were later used to assess the correlation between behavioral and neural
metrics of vestibular function. Four tasks were selected for these correlation analyses:

1. Normal (feet apart) stance on firm surface with eyes open (baseline measure, reliance on
visual, vestibular and somatosensory inputs)

2. Romberg (feet together) stance on firm surface with eyes closed (removed visual inputs,
reliance on vestibular and somatosensory inputs)

3. Romberg (feet together) stance on compliant surface with eyes closed (removed visual
inputs, challenged somatosensory system, greater reliance on vestibular inputs)

4. Single leg stance (left foot) on firm surface with eyes open (challenged somatosensory sys-
tem, greater reliance on visual and vestibular inputs)

These four tasks were selected because: 1) All subjects were able to complete these tasks for
30 seconds (this was not the case for other conditions); 2) Ruhe et al. [29] reviewed the reliabil-
ity of CoP measures and found no specific task to be more reliable than the others; 3) these
tasks represented a relatively step-wise increase in challenging the sensory modalities and bal-
ance maintenance; and 4) they were reported previously to be reliable predictors of fall in
older adults [30-32].

Clinical tests of functional mobility. In addition to CoP measures, we administered two
clinical tests of balance and gait: the modified Dynamic Gait Index (mDGI) [33] and the
Timed Up and Go (TUG) test [34]. Both tests have high test-retest reliability [35].

Timed Up & Go (TUG): As described by Podsiadlo & Richardson [36], the TUG test
requires subjects to stand up from a chair, walk for 3 meters, turn around, walk back to the
chair, and sit down. The time for completing this task (under 20 seconds for healthy older
adults) is considered an index of functional mobility and balance control. The TUG-manual
task is a modified version of this task, in which subjects are performing the task while carrying
a cup of water; we administered this version as well. Lower TUG scores (i.e. less time needed
to finish the tests) indicate better functional mobility and balance.

Modified Dynamic Gait Index (mDGI): As described by Shumway-Cook et al. [37], the
mDGI is a modified scoring index for the DGI, which evaluates three facets of walking perfor-
mance: time, gait pattern, and level of assistance. This clinical measure indicates the ability of
subjects to adjust their gait according to complex walking situations. The test consists of 8
tasks; the first is the baseline gait measure (low-challenged, self-paced). The other 7 tasks are
designed to challenge the subject to respond to 4 different forms of environmental conditions
(change in speed, change in direction, obstacle avoidance, & climbing stairs). Higher mDGI
scores indicate better ability to maintain balance.

Functional Magnetic Resonance Imaging (fMRI)

The fMRI acquisition was conducted at the University of Michigan Functional MRI Labora-
tory, using a 3.0 T MRI scanner (General Electric Medical Systems, DISCOVERY MR750).
The scanning protocol consisted of a high-resolution T1 structural scan (SPGR), a resting state
connectivity scan, and fMRI during vestibular stimulation.

The structural MRI acquisition comprised a T1-weighted ascending sequential echo-planar
scan (TR =12.2's, TE = 5.1 ms, FA = 15°, matrix size = 256 x256, FOV = 260 x260 mm, slice
thickness = 1 mm, number of slices = 124) covering the whole brain and the cerebellum. A gra-
dient-echo spiral sequence with ascending sequential slice ordering (FOV =220 mm, TR =2,
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TE = 30 ms, slice thickness = 1 mm, number of slices = 43, voxel size = 3.4375x3.4375mm) was
used to acquire the functional images.

We minimized head movement using a Velcro strap over the forehead, and by placing
foam padding on the left and right sides of the head. The padding also provided extra hearing
protection (in addition to ear plugs) from the scanner noise. Furthermore, we placed a pulse
oximeter over the subjects’ index finger and wrapped a respirometer belt around the subjects’
abdomen to collect physiological responses, which were later corrected by using the RETROI-
COR algorithm [38].

Stimulation of the vestibular system inside the scanner. We used a pneumatic skull tap-
per (MR compatible Pneumatic Tactile Pulse System (PnTPS), Engineering Acoustics Inc.) to
stimulate the vestibular system inside the scanner [24]. The skull tapper delivered low force
(19.6 N), compressed air taps (50-55 psi) to the lateral cheekbones, stimulating the otolith
organs through bone conduction mechanisms [39-45]. We applied five stimulation trials on
each side; each trial consisted of 24 taps delivered at 1Hz. This was implemented in a block
design with five alternating periods of rest (20 seconds) and stimulation (24 seconds). The
right and left side stimulations were administered in separate consecutive runs, approximately
two minutes apart.

Before beginning each trial, the MRI technician reminded subjects to keep their eyes closed
(to eliminate the effects of visual inputs on vestibular processing). After the completion of each
trial, the MRI technician asked subjects to report the side of the stimulation to make sure they
felt the taps on the correct spot. This also helped with keeping the subjects alert and
communicative.

Data analyses

Balance performance analysis. Center of Pressure (CoP) analysis: We used the Vicon
software (Nexus, Vicon Inc) to analyze the center of pressure (CoP) data that were collected at
100 Hz on the force platform. The force platform channels were plugged into a 64 channel
data acquisition board and the data were recorded using the Vicon Nexus software, which
then automatically calculated CoP data from the raw channel data. The CoP data were then
exported and outcome measures were calculated using Matlab. In keeping with previous stud-
ies [46,47], we applied a low pass filter with a 2@ order recursive Butterworth filter with a cut-
off of 10 Hz. For each balance trial, we fitted a 95% confidence interval ellipse to the anterior-
posterior and medial-lateral trajectories. The area of the ellipse was calculated for correlation
with individual differences in vestibular brain activity.

Functional Mobility tests: We recorded the time to complete the TUG and TUG-manual
tests, and used the average performance time over three repetitions of each task. For the
mDGI, we used the ordinal scaling system to score the subjects’ performance (with the highest
possible score of 64).

fMRI data analyses. Preprocessing: We used SPM12 software (Welcome Department of
Cognitive Neurology, London, UK [48]) to analyze the fMRI data. To ensure the steadiness of
the MR signal, we discarded the first 10 seconds of each run. The University of Michigan
Functional MRI Laboratory applies the RETROICOR algorithm [38] to the raw data to
account for physiological responses (e.g. respiration and cardiac signals). We used the ARTi-
fact detection toolbox [49] to detect any volumes with >2mm translational or >2° rotational
movement; movement parameters were later used as covariates of no interest in the first level
design matrix. Next, we applied slice-timing correction, and then co-registered the functional
images with the anatomical image. The images were then normalized to the Montreal Neuro-
logical Institute (MNI152) template [48]. We normalized the cerebellar volumes separately
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using the Spatially Unbiased Infra-tentorial Template (SUIT) [50-53]. Next, we applied a
Gaussian kernel function (8,8,8 mm) to spatially smooth the normalized images.

Comparing brain activity within and between young & older adult groups: The first level
analysis was designed to compare the brain activity between rest and stimulation blocks, using
the smoothed images. The resulting contrasts from the first level analysis were subsequently
used in second level (group) analyses. We used SnPM13 software (http://warwick.ac.uk/snpm)
to apply non-parametric permutation tests for statistical inferences [54]. We used the non-
parametric approach due to the non-normal distribution of data in our sample. We conducted
a two-sample t-test to test the hypothesis that brain activity in response to vestibular stimula-
tion is higher in older adults compared to young adults. Further, we applied a simple regres-
sion to test the hypothesis that the higher brain activity is correlated with better balance
performance. A false discovery rate (FDR) correction (p < .05) was applied to account for
multiple comparisons.

Localization: The results from the above analyses were mapped to the Montreal Neurologi-
cal Institute (MNI) atlas [48] to localize the corresponding brain regions, using the Harvard-
Oxford maximum probability atlas of the bspmview toolbox[55] in SPM12. The cerebellar
results were separately localized using the SUIT atlas.

Signal to Noise Ratio analysis: We calculated the fMRI signal to noise ratio, following the
methods of Bernard et al. [56] in order to assess potential age differences in variability of ves-
tibular activation.

Laterality Index analysis: We used the Laterality Index (LI) toolbox of SPM 12 [57,58] to
assess whether there is a hemispheric dominance in vestibular processing, and whether that is
influenced by age. We applied the bootstrapping method to minimize the potential effects of
outliers, and performed the analysis on whole brain gray matter, superior temporal gyri, and
the cerebellum. The analyses were conducted for each subject, and the LI scores were then
compared between the age groups using a two-sample t-test.

Correlation analyses: Based on the results from the activation analyses, we created a com-
bined region of interest (ROI) of all regions that were active during vestibular stimulation at
an uncorrected P<0.001 in either young or older adults (i.e. the activation ROIs for the young
adults and the old adults were calculated separately and then combined to create one set of
ROIs). These ROIs were later used in a correlation analysis (with FDR correction level of p<0.
05) in order to find the regions of the brain where activity was associated with age and balance
performance.

Correlation between age and brain activity measures: We used participants’ age as a covari-
ate in an SnPM simple regression analysis to determine how brain activity varies with respect
to age.

Correlation between balance measures and brain activity measures: We used the area of the
ellipse, TUG, and MDGI scores as covariates in SnPM simple regression analyses to determine
how brain activity varies with respect to measures of postural control.

Conjunction analyses: We performed conjunction analyses to identify regions of the brain
where activity was associated with both age and balance performance. We applied the max
function in the imcalc toolbox of SPM12, using the results of statistical inference from
SnPM13 as the input images. A positive direction for conjunction of the two correlation analy-
ses indicated that greater brain activity was associated with greater age and poorer balance
(greater CoP and TUG measures/ smaller MDGI scores). A negative direction for the conjunc-
tion of the two correlation analyses indicated that greater brain activity was associated with
younger age and better balance.

Correlation analyses for laterality index and signal to noise ratio: We conducted a simple
regression to determine whether an individual’s balance measures were associated with their
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laterality index. Similarly, we conducted a simple regression to determine whether individual
differences in postural control are associated with differences in signal to noise ratio.

Results
Balance assessment results

Center of Pressure (CoP) measures. We found a significant difference between young
and older adults’ performance in single leg stance (SLS) with eyes open (t = -2.69, p = 0.01,
df = 23, CI: -105.88, -13.95), documenting poorer balance performance (greater ellipse area)
for older adults. The other CoP measures were not significantly different between young and
older adults (Fig 1).

Clinical tests of functional mobility. As shown in Figs 2 and 3, there was no significant
difference between young and older adults’ MDGI and TUG scores.

fMRI results

First we compared the activation patterns elicited by taps applied to the right and the left
cheekbone, regardless of age. Not surprisingly given that a unilateral tap can result in stimula-
tion of the vestibular system bilaterally, we found no significant difference between activity
patterns or laterality index between the left and right tap conditions. Thus, to increase the
power of our analyses, we pooled the two conditions together. Results are presented at p<0.05
with FDR correction, unless otherwise specified.

Comparing brain activity between young & older adult groups. There were no signifi-
cant differences in brain activation or deactivation between the young versus old adults after
the FDR p<0.05 corrections. The analyses conducted within the cerebellum after normaliza-
tion to the SUIT template also showed no significant differences between young and older
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Fig 1. Performance of young (black bars) and older (gray bars) adults in four balance tasks with different degrees of difficulty.
Task difficulty increases from left to right. Smaller ellipse area reflects less body sway (i.e. better balance). Error bars represent standard
error. EO: Eyes Open, EC: Eyes Closed, SLS: Single Leg Stance. N = 12 Young, 14 Old.

https://doi.org/10.1371/journal.pone.0221954.g001

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 7/18


https://doi.org/10.1371/journal.pone.0221954.g001
https://doi.org/10.1371/journal.pone.0221954

@ PLOS|ONE

Deactivation of somatosensory and visual cortices during vestibular stimulation

AN
)
I

AN
[\
i

N
O
1

MDGTI score
¥,
(@)

)
(O
|

50 - . l
YA OA

Fig 2. Performance of young and older adults in a series of gait assessment tasks (MDGI). Higher MDGI scores
reflect better gait and balance. Error bars represent standard error. YA: Young Adults, OA: Older Adults; N =6 YA, 14
OA.
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adults. We also found no significant difference in signal to noise ratio or in the laterality index
of vestibular brain activity between young and older adults.

Associations between brain activity with age and balance. Correlation of brain function
and age: There was a negative correlation between age and activation in the left parietal oper-
culum (Fig 4, Table 1), with younger subjects exhibiting greater activation than older ones.
Although this result did not survive FDR correction, it was significant at P<0.05 family-wise
error correction (FWE). There was also a positive correlation between age and deactivation of
the left intracalcarine cortex and the right temporal pole (the temporal pole has been shown to
be functionally connected with somatosensory and visual networks [59], meaning that older
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Fig 3. Performance of young (black bars) and older (gray bars) adults in the TUG and TUG-manual tasks. Lower
scores reflect better gait and balance. Error bars represent standard error. YA: Young Adults, OA: Older Adults; N = 6
Young, 14 Old.

https://doi.org/10.1371/journal.pone.0221954.g003
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Fig 4. The parietal operculum cortex exhibited a negative association with age in the pooled young and older
adults group. The colored voxels show brain regions in which the BOLD signal was significantly increased from rest to
stimulation in a fashion that was correlated with subject age. The shade of the color in each brain map corresponds to
the t-value in the legend bar.

https://doi.org/10.1371/journal.pone.0221954.9004

adults deactivated these regions more than younger subjects (Fig 5, Table 2). Cerebellar activa-
tion and deactivation did not show any significant correlations with age.

Correlation of brain function and behavior: As shown in Fig 6, there was a positive correla-
tion between balance performance in normal stance (indicated by area of ellipse) and deactiva-
tion of the postcentral gyri and temporal pole. In other words, participants with worse balance
(alarger ellipse area during normal stance) deactivated these regions more, regardless of age
(Table 3).

Besides normal stance, no other balance measures were associated with cortical responses
at FDR p< 0.05.

As for the cerebellar analyses, we found that performance in single leg stance was negatively
correlated with deactivation of the brainstem, cerebellar lobule VI and Crus I. In other words,
those who performed better in single leg stance exhibited greater deactivation of these regions
in response to vestibular stimulation, regardless of age (Fig 7, Table 4).

Conjunction analyses: Next, we conducted a conjunction analysis to identify brain regions
where activation or deactivation was commonly associated with both age and balance.

We found that deactivation of left postcentral gyrus, intracalcarine cortex, and right tempo-
ral pole was positively correlated with both age and balance performance in normal stance (Fig
8); that is, those subjects who were older, and those subjects who performed more poorly in

Table 1. The activated region that exhibited a significant negative correlation with age (p < .05 FWE).

MNI Coordinates
Region Label Extent t-value X y z
Parietal Operculum Cortex 40 4.096 -44 -30 20

https://doi.org/10.1371/journal.pone.0221954.t1001
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Fig 5. The intracalcarine cortex and temporal pole exhibited a positive association between age and deactivation
level in the pooled young and older adults group. The colored voxels show the brain regions in which the BOLD
signal was significantly decreased from rest to stimulation in a manner that was correlated with age. The shade of the
color in each brain map corresponds to the t-value in the legend bar.

https://doi.org/10.1371/journal.pone.0221954.9005

normal stance, deactivated these regions more than the other subjects (Table 5). None of the
other whole brain or cerebellar conjunction analyses were significant. We found no significant
associations between measures of balance and laterality index or signal to noise ratio.

Discussion

In response to vestibular stimulation both young and older adults exhibited activation of the
canonical vestibular cortex (i.e. bilateral parietal operculum). However, younger adults acti-
vated the vestibular cortex more strongly than older adults. In general, brain regions that pro-
cess other sensory inputs (i.e. somatosensory cortex, visual cortex, and the cerebellum)
exhibited deactivation, which—in contrast to the activation patterns—varied with age. The
level of deactivation in these regions was correlated with both age and balance; as older age
and poorer balance in the normal stance task were associated with greater deactivation of
visual and somatosensory cortices and the temporal poles.

Consistent with these findings, other studies have documented similar cross modal sensory
inhibition patterns [60]. For example, Bense et al. [61] showed that in response to galvanic ves-
tibular stimulation, somatosensory and visual cortices were deactivated. Deutschlander et al.
[62] demonstrated that with unimodal vestibular stimulation, visual cortex exhibited deactiva-
tion, and using unimodal visual stimuli resulted in deactivation of vestibular cortex. Laurienti
et al. [63] reported that auditory stimulation resulted in activation of the auditory cortex and

Table 2. Deactivated regions that exhibited a significant positive correlation with age (p < .05 FDR).

MNI Coordinates
Region Label Extent t-value x y z
Temporal Pole 221 4.083 46 14 -24
Intracalcarine Cortex 212 3.968 -16 -84 6
Anterior Superior Temporal Gyrus 16 3.623 54 -6 -6

https://doi.org/10.1371/journal.pone.0221954.t002
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Fig 6. Regardless of age, greater deactivation of the postcentral gyrus and temporal pole was associated with
poorer balance. The colored voxels show the regions of the brain in which the BOLD signal was significantly
decreased from rest to stimulation in a way that was correlated with balance. The shade of the color in each brain map
corresponds to the t-value in the legend bar.

https://doi.org/10.1371/journal.pone.0221954.9006

deactivation of the visual cortex; meanwhile the opposite pattern was observed in response to
visual stimulation. Similarly, Uludag et al. [64] used a flickering checkerboard to induce activa-
tion in the visual cortex, and found that simply closing the eyes resulted in deactivation of the
visual cortex.

Relative reliance on vestibular, visual and somatosensory inputs varies within individuals.
Studies have shown that, compared to young adults, older adults seem to rely more strongly
on vision for balance control [65]. They also rely more on proprioception [66,67], which can
be shifted towards vestibular reliance with active balance training [68,69]. Wiesmeier and col-
leagues [68] showed that balance training improved balance performance for older adults, and
made them more reliant on vestibular inputs and less reliant on proprioceptive inputs, which
was more similar to the pattern for young adults. Similarly, Bao et al. [69] showed that long-
term balance training with sensory augmentation techniques resulted in improved postural
control, with a significant increase in vestibular reliance.

We found that younger adults showed greater vestibular activity and older adults exhibited
more deactivation of the somatosensory and visual cortices. It seems that when vestibular

Table 3. Deactivated regions that exhibited a significant positive correlation with performance (p < .05 FDR).

Region Label Extent t-value X y z

Postcentral Gyrus 121 4.452 -18 -38 74
Postcentral Gyrus 20 4.143 -8 -48 64
Temporal Pole 32 3.987 40 16 -38
Temporal Pole 48 3.938 60 8 -18
Lingual Gyrus 10 3.570 -30 -52 -4
Occipital Pole 12 3.328 -22 -90 12

https://doi.org/10.1371/journal.pone.0221954.t1003
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Fig 7. The brainstem and cerebellar lobule VI and Crus I exhibited a negative association between deactivation
levels and balance performance in single leg stance (indicated by area of ellipse). The colored voxels show the
regions of the brain in which the BOLD signal was significantly decreased from rest to stimulation in a way that was
correlated with ellipse area across subjects. The shade of the color in each brain map corresponds to the t-value in the
legend bar.

https://doi.org/10.1371/journal.pone.0221954.9g007

information is the most dominant sensory modality (as in our design), the suppression of
other sensory systems (i.e. somatosensory and visual) enhances the allocation of neural
resources in favor of vestibular processing, and more strongly in older adults. Greater deactiva-
tion in these regions was also an indicator of poorer balance in the normal stance task, in
which all sensory modalities are available. Therefore, less engagement of visual and somatosen-
sory cortices that occurs in response to unimodal vestibular stimulation is associated with
poorer performance in this multisensory task. On the other hand, one might argue that these
patterns of brain deactivation in correlation with balance should be interpreted in light of age
differences in muscle response. As an adaptive strategy, older adults exhibit greater co-contrac-
tion of muscles in normal stance compared to young to maintain their balance [70]. One
might speculate that older adults with better postural control may be better at implementing
these adaptive strategies, and therefore exhibit less inhibition (i.e. higher recruitment of

Table 4. Deactivated regions that exhibited a significant negative correlation with performance (p < .05 FDR).

MNI Coordinates

Region Label Extent t-value x y z

Crus I 2227 4.587 -36 -52 -35
Lobule VI 2227 4.401 16 -64 -23
Lobule VI 2227 4.289 -10 -64 -21
Brain-Stem 58 3.472 2 -48 -37
Crus I 200 3.381 50 -66 -37
Brain-Stem 90 3.274 -4 -22 -13
Crus II 98 3.143 14 -88 -31

https://doi.org/10.1371/journal.pone.0221954.t1004
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Fig 8. The deactivation of postcentral gyrus, intracalcarine cortex, and temporal pole was positively correlated
with age and balance performance in normal stance (indicated by area of ellipse). The colored voxels show the
regions of the brain in which the BOLD signal was significantly decreased from rest to stimulation in a way that
correlated with age across subjects. The shade of the color in each brain map corresponds to the t-value in the legend
bar.

https://doi.org/10.1371/journal.pone.0221954.9008

multiple regions, which is linked to muscle co-contraction). Moreover, our finding of overall
stronger brain responses in young adults parallels previous reports [71,72]. For example, Burki
etal. [73] showed an overall lower magnitude of brain activation in older adults performing an
fMRI gait assessment task.

We also found that body sway was significantly higher in older adults when performing the
single leg stance task. This task is designed to increase the difficulty of postural control by chal-
lenging the somatosensory system, so that vestibular and visual signals are weighted more
strongly. As shown by Donath et al. [74], in a single leg stance with eyes open (and not the nor-
mal stance with eyes open) the ankle muscle coordination patterns are inverted in older adults
and the muscle co-activation is doubled compared to young. Although we found a significant
age difference in performance of this task, the association of performance and neural response
did not vary with age. This could be potentially interpreted in light of the compensation-
related utilization of neural circuits hypothesis (CRUNCH), proposed by Reuter-Lorenz &
Cappell [17]. According to this theory, at lower task demands (i.e. normal stance task), older
adults may compensate for their inefficient neural processing by engaging different brain

Table 5. Deactivated regions that exhibited a significant positive correlation with age and performance (p < .05 FDR).

MNI Coordinates
Region Label Extent t-value X y z
Postcentral Gyrus 121 4.452 -18 -38 74
Postcentral Gyrus 20 4.143 -8 -48 64
Temporal Pole 298 4.083 46 14 -24
Intracalcarine Cortex 215 3.968 -16 -84 6
Anterior Superior Temporal Gyrus 16 3.623 54 -6 -6
Lingual Gyrus 10 3.570 -30 -52 -4

https://doi.org/10.1371/journal.pone.0221954.t005
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regions compared to the young, which leads to behavioral performance equivalent to young.
However, as the task difficulty increases (i.e. single leg stance), the available neural resources
for older adults decline and the behavioral performance cannot be compensated for (hence the
lack of age difference in neural recruitment patterns and significant age difference in
performance).

Our current results also demonstrate that pneumatic skull taps elicit vestibular neural acti-
vation in older adults, while being tolerable, fast, and easy to conduct, as we reported previ-
ously in young adults [24]. Thus, this method could be implemented as a novel approach for
studying vestibular function and its correlation with balance in a range of populations. By
using fMRI we were able to assess the function of subcortical vestibular processing (e.g. in
brainstem, cerebellum, and thalamus) in addition to cortical regions that would be captured
with more portable neuroimaging techniques such as fNIRS.

Limitations

The main limitation of the study is the relatively small sample size of both young and older
adult groups; future studies with larger cohorts could verify the current findings. Another
potential caveat of the study is that the stimulus was not adjusted for subjects’ individual
threshold in sensory perception, as the main objective of the study was to assess the mean dif-
ferences between two age groups. Also, as is typical with the skull tap method, the stimulus did
not induce any vestibular percept, motion sensation, or movement in the position of the head.
Instead of relying on subjective perception of the stimulus, the ocular Vestibular Evoked Myo-
genic Potential (0VEMP) assessment outside of the scanner was used to validate the successful
stimulation of vestibular organs. Another caveat of the current study is the lack of a control
condition to account for potential somatosensory/proprioceptive (i.e. tactile sensation of air
puffs) response to the skull tapper. Nevertheless, no activation was found in somatosensory
facial regions of the brain.

Conclusion

In conclusion, we found that both age and balance performance are related to vestibular neural
processing and deactivation of the somatosensory and visual cortices. Considering the high
prevalence of falls among older adults, mortality of fall-related injuries, and costs of rehabilita-
tion and healthcare [75], a better understanding of the aging vestibular system may lead to
important, new approaches to balance interventions.

Acknowledgments

We thank Tina Wu and Ryan Smith for their invaluable assistance with data collection.

Author Contributions

Conceptualization: Scott J. Wood, Jacob J. Bloomberg, Ajitkumar P. Mulavara, Rachael D.
Seidler.

Data curation: Fatemeh Noohi, Catherine Kinnaird.

Formal analysis: Fatemeh Noohi, Catherine Kinnaird.

Funding acquisition: Rachael D. Seidler.

Methodology: Yiri De Dios, Igor Kofman, Kathleen H. Sienko, Rachael D. Seidler.

Project administration: Fatemeh Noohi, Catherine Kinnaird, Yiri De Dios.

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 14/18


https://doi.org/10.1371/journal.pone.0221954

@ PLOS|ONE

Deactivation of somatosensory and visual cortices during vestibular stimulation

Resources: Kathleen H. Sienko, Rachael D. Seidler.

Supervision: Thad A. Polk, Rachael D. Seidler.

Writing - original draft: Fatemeh Noohi.

Writing - review & editing: Fatemeh Noohi, Catherine Kinnaird, Yiri De Dios, Igor Kofman,

Scott . Wood, Jacob J. Bloomberg, Ajitkumar P. Mulavara, Kathleen H. Sienko, Thad A.
Polk, Rachael D. Seidler.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Sturnieks DL., St George R, Lord SR.. Balance disorders in the elderly. Neurophysiol Clin. 2008; 38:
467-478. https://doi.org/10.1016/j.neucli.2008.09.001 PMID: 19026966

Zalewski CK. Aging of the Human Vestibular System Balance Function and The Role of The Vestibular
System Epidemiology of Dizziness. 2015;

Allen D, Ribeiro L, Arshad Q, Seemungal BM. Age-Related Vestibular Loss: Current Understanding
and Future Research Directions. Front Neurol. 2016; 7: 231. https://doi.org/10.3389/fneur.2016.00231
PMID: 28066316

Smith PF. Age-Related Neurochemical Changes in the Vestibular Nuclei. Front Neurol. 2016; 7: 20.
https://doi.org/10.3389/fneur.2016.00020 PMID: 26973593

Matheson AJ, Darlington CL, Smith PF. Dizziness in the Elderly and Age-related Degeneration of the
Vestibular System. New Zealand Journal of Psychology. 1999. pp. 10—16. PMID: 11543297

Lopez I, Honrubia V, Baloh RW. Aging and the Human Vestibular Nucleus. J Vestib Res. 1997;

Schlindwein P, Mueller M, Bauermann T, Brandt T, Stoeter P, Dieterich M. Cortical representation of
saccular vestibular stimulation: VEMPs in fMRI. Neuroimage. 2008; 39: 19-31. https://doi.org/10.1016/
j.neuroimage.2007.08.016 PMID: 17919936

Zu Eulenburg P, Caspers S, Roski C, Eickhoff SB. Meta-analytical definition and functional connectivity
of the human vestibular cortex. Neuroimage. 2012; 60: 162—169. https://doi.org/10.1016/j.neuroimage.
2011.12.032 PMID: 22209784

Lopez C, Blanke O, Mast FW. The human vestibular cortex revealed by coordinate-based activation
likelihood estimation meta-analysis. Neuroscience. 2012; 212: 159-79. https://doi.org/10.1016/j.
neuroscience.2012.03.028 PMID: 22516007

Karim HT, Sparto PJ, Aizenstein HJ, Furman JM, Huppert TJ, Erickson K, et al. Functional MR imaging
of a simulated balance task. Brain Res. 2014; 1555: 20—27. https://doi.org/10.1016/j.brainres.2014.01.
033 PMID: 24480476

Karim HT, Fuhrman S|, Furman JM, Huppert TJ. Neuroimaging to detect cortical projection of vestibular
response to caloric stimulation in young and older adults using functional near-infrared spectroscopy
(fNIRS). Neuroimage. 2013; 76: 1-10. https://doi.org/10.1016/j.neuroimage.2013.02.061 PMID:
23523804

Lin C-C, Barker JW, Sparto PJ, Furman JM, Huppert TJ. Functional near-infrared spectroscopy (fNIRS)
brain imaging of multi-sensory integration during computerized dynamic posturography in middle-aged
and older adults. Exp Brain Res. 2017; 235: 1247-1256. https://doi.org/10.1007/s00221-017-4893-8
PMID: 28197672

Cyran CAM, Boegle R, Stephan T, Dieterich M, Glasauer S. Age-related decline in functional connectiv-
ity of the vestibular cortical network. Brain Struct Funct. 2016; 221: 1443—-1463. https://doi.org/10.1007/
s00429-014-0983-6 PMID: 25567421

Sullivan E V, Rose J, Rohlfing T, Pfefferbaum A. Postural sway reduction in aging men and women:
relation to brain structure, cognitive status, and stabilizing factors. Neurobiol Aging. 2009; 30: 793-807.
https://doi.org/10.1016/j.neurobiolaging.2007.08.021 PMID: 17920729

Impe A Van, Coxon JP, Goble DJ, Doumas M, Swinnen SP. White matter fractional anisotropy predicts
balance performance in older adults. NBA. 2012; 33: 1900-1912. https://doi.org/10.1016/j.
neurobiolaging.2011.06.013

Yuan J, Blumen HM, Verghese J, Holtzer R. Functional connectivity associated with gait velocity during
walking and walking-while-talking in aging: A resting-state fMRI study. Hum Brain Mapp. 2015; 36:
1484-1493. https://doi.org/10.1002/hbm.22717 PMID: 25504964

Reuter-Lorenz PA, Cappell KA. Neurocognitive Aging and the Compensation Hypothesis. Curr Dir Psy-
chol Sci. 2008; 17: 177-182. https://doi.org/10.1111/j.1467-8721.2008.00570.x

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 15/18


https://doi.org/10.1016/j.neucli.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/19026966
https://doi.org/10.3389/fneur.2016.00231
http://www.ncbi.nlm.nih.gov/pubmed/28066316
https://doi.org/10.3389/fneur.2016.00020
http://www.ncbi.nlm.nih.gov/pubmed/26973593
http://www.ncbi.nlm.nih.gov/pubmed/11543297
https://doi.org/10.1016/j.neuroimage.2007.08.016
https://doi.org/10.1016/j.neuroimage.2007.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17919936
https://doi.org/10.1016/j.neuroimage.2011.12.032
https://doi.org/10.1016/j.neuroimage.2011.12.032
http://www.ncbi.nlm.nih.gov/pubmed/22209784
https://doi.org/10.1016/j.neuroscience.2012.03.028
https://doi.org/10.1016/j.neuroscience.2012.03.028
http://www.ncbi.nlm.nih.gov/pubmed/22516007
https://doi.org/10.1016/j.brainres.2014.01.033
https://doi.org/10.1016/j.brainres.2014.01.033
http://www.ncbi.nlm.nih.gov/pubmed/24480476
https://doi.org/10.1016/j.neuroimage.2013.02.061
http://www.ncbi.nlm.nih.gov/pubmed/23523804
https://doi.org/10.1007/s00221-017-4893-8
http://www.ncbi.nlm.nih.gov/pubmed/28197672
https://doi.org/10.1007/s00429-014-0983-6
https://doi.org/10.1007/s00429-014-0983-6
http://www.ncbi.nlm.nih.gov/pubmed/25567421
https://doi.org/10.1016/j.neurobiolaging.2007.08.021
http://www.ncbi.nlm.nih.gov/pubmed/17920729
https://doi.org/10.1016/j.neurobiolaging.2011.06.013
https://doi.org/10.1016/j.neurobiolaging.2011.06.013
https://doi.org/10.1002/hbm.22717
http://www.ncbi.nlm.nih.gov/pubmed/25504964
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1371/journal.pone.0221954

@ PLOS|ONE

Deactivation of somatosensory and visual cortices during vestibular stimulation

18.

19.

20.

21.

22,

23.

24,

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Reuter-Lorenz PA, Park DC. Human Neuroscience and the Aging Mind: A New Look at Old Problems.
Journals Gerontol Ser B Psychol Sci Soc Sci. 2010; 65B: 405—415. https://doi.org/10.1093/geronb/
gbq035 PMID: 20478901

Heuninckx S, Wenderoth N, Swinnen SP. Systems Neuroplasticity in the Aging Brain: Recruiting Addi-
tional Neural Resources for Successful Motor Performance in Elderly Persons. J Neurosci. 2008; 28:
91-99. https://doi.org/10.1523/JNEUROSCI.3300-07.2008 PMID: 18171926

Eyler LT, Sherzai A, Kaup AR, Jeste D V. A review of functional brain imaging correlates of successful
cognitive aging. Biol Psychiatry. 2011; 70: 115-122. https://doi.org/10.1016/j.biopsych.2010.12.032
PMID: 21316037

Li HJ, Hou XH, Liu HH, Yue CL, Lu GM, Zuo XN. Putting age-related task activation into large-scale
brain networks: A meta-analysis of 114 fMRI studies on healthy aging. Neurosci Biobehav Rev. 2015;
57: 156—174. https://doi.org/10.1016/j.neubiorev.2015.08.013 PMID: 26318367

Cabeza R, Anderson ND, Locantore JK, Mcintosh AR. Aging gracefully: compensatory brain activity in
high-performing older adults. Neuroimage. 2002; 17: 1394—-402. Available: http://www.ncbi.nlm.nih.gov/
pubmed/12414279 PMID: 12414279

Seidler RD, Bernard J a, Burutolu TB, Fling BW, Gordon MT, Gwin JT, et al. Motor control and aging:
links to age-related brain structural, functional, and biochemical effects. Neurosci Biobehav Rev. 2010;
34: 721-38. https://doi.org/10.1016/j.neubiorev.2009.10.005 PMID: 19850077

Noohi F, Kinnaird C, DeDios Y, Kofman IS, Wood S, Bloomberg J, et al. Functional brain activation in
response to a clinical vestibular test correlates with balance. Front Syst Neurosci. 2017; 11. https://doi.
org/10.3389/fnsys.2017.00011 PMID: 28344549

Furman JM, Redfern MS. Effect of aging on the otolith-ocular reflex. J Vestib Res. 2001;

Nasreddine ZS, Phillips NA, BAdirian V, Charbonneau S, Whitehead V, Collin |, et al. The Montreal
Cognitive Assessment, MoCA: A Brief Screening Tool For Mild Cognitive Impairment. J Am Geriatr
Soc. 2005; 53: 695-699. https://doi.org/10.1111/j.1532-5415.2005.53221.x PMID: 15817019

Sienko K, Oddsson L, Wall C. Effects of multi-directional vibrotactile feedback on vestibular-deficient
postural performance during continuous multi-directional support surface perturbations. J Vestib Res.
2008; 18: 273—-285. Available: https://pdfs.semanticscholar.org/c508/
720d0a90c2c9d725b4061c07a2ef816bc864.pdf PMID: 19542601

Jayakaran P, Johnson GM, Sullivan SJ. Concurrent validity of the Sensory Organization Test measures
in unilateral transtibial amputees. Prosthet Orthot Int. 2013; 37: 65-69. https://doi.org/10.1177/
0309364612448391 PMID: 22760518

Ruhe A, Fejer R, Walker B. The test-retest reliability of centre of pressure measures in bipedal static
task conditions—A systematic review of the literature. Gait Posture. 2010; 32: 436—445. https://doi.org/
10.1016/j.gaitpost.2010.09.012 PMID: 20947353

Bloem BR, Grimbergen YAM, Cramer M, Willemsen M, Zwinderman AH. Prospective assessment of
falls in Parkinson’s disease. J Neurol. 2001; 248: 950-958. https://doi.org/10.1007/s004150170047
PMID: 11757958

Chun-Ju Chang C-J, Yu-Shin Chang Y-S, Sai-Wei Yang S-W. Using single leg standing time to predict
the fall risk in elderly. 2013 35th Annual International Conference of the IEEE Engineering in Medicine
and Biology Society (EMBC). IEEE; 2013. pp. 7456—7458. doi:10.1109/EMBC.2013.6611282

Maki BE, Holliday PJ, Topper AK. A prospective study of postural balance and risk of falling in an ambu-
latory and independent elderly population. J Gerontol. 1994; 49: M72—84. Available: http://www.ncbi.
nlm.nih.gov/pubmed/8126355 PMID: 8126355

Matsuda PN, Taylor CS, Shumway-Cook A. Evidence for the Validity of the Modified Dynamic Gait
Index Across Diagnostic Groups. Phys Ther. 2014; 94: 996—1004. https://doi.org/10.2522/ptj.20130294
PMID: 24557650

Shumway-Cook A, Brauer S, Woollacott M. Predicting the probability for falls in community-dwelling
older adults using the Timed Up & Go Test. Phys Ther. 2000; 80: 896—903. Available: http://www.ncbi.
nim.nih.gov/pubmed/10960937 PMID: 10960937

Huang S-L, Hsieh C-L, Wu R-M, Tai C-H, Lin C-H, Lu W-S. Minimal Detectable Change of the Timed
“Up & Go” Test and the Dynamic Gait Index in People With Parkinson Disease. Phys Ther. 2011; 91:
114-121. https://doi.org/10.2522/ptj.20090126 PMID: 20947672

Podsiadlo D, Richardson S. The timed &quot;Up & Go&quot;: a test of basic functional mobility for frail
elderly persons. J Am Geriatr Soc. 1991; 39: 142-8. Available: http://www.ncbi.nlm.nih.gov/pubmed/
1991946 PMID: 1991946

Shumway-Cook A, Taylor CS, Matsuda PN, Studer MT, Whetten BK. Expanding the Scoring System
for the Dynamic Gait Index. Phys Ther. 2013; 93: 1493-1506. https://doi.org/10.2522/ptj.20130035
PMID: 23813090

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 16/18


https://doi.org/10.1093/geronb/gbq035
https://doi.org/10.1093/geronb/gbq035
http://www.ncbi.nlm.nih.gov/pubmed/20478901
https://doi.org/10.1523/JNEUROSCI.3300-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171926
https://doi.org/10.1016/j.biopsych.2010.12.032
http://www.ncbi.nlm.nih.gov/pubmed/21316037
https://doi.org/10.1016/j.neubiorev.2015.08.013
http://www.ncbi.nlm.nih.gov/pubmed/26318367
http://www.ncbi.nlm.nih.gov/pubmed/12414279
http://www.ncbi.nlm.nih.gov/pubmed/12414279
http://www.ncbi.nlm.nih.gov/pubmed/12414279
https://doi.org/10.1016/j.neubiorev.2009.10.005
http://www.ncbi.nlm.nih.gov/pubmed/19850077
https://doi.org/10.3389/fnsys.2017.00011
https://doi.org/10.3389/fnsys.2017.00011
http://www.ncbi.nlm.nih.gov/pubmed/28344549
https://doi.org/10.1111/j.1532-5415.2005.53221.x
http://www.ncbi.nlm.nih.gov/pubmed/15817019
https://pdfs.semanticscholar.org/c508/720d0a90c2c9d725b4061c07a2ef816bc864.pdf
https://pdfs.semanticscholar.org/c508/720d0a90c2c9d725b4061c07a2ef816bc864.pdf
http://www.ncbi.nlm.nih.gov/pubmed/19542601
https://doi.org/10.1177/0309364612448391
https://doi.org/10.1177/0309364612448391
http://www.ncbi.nlm.nih.gov/pubmed/22760518
https://doi.org/10.1016/j.gaitpost.2010.09.012
https://doi.org/10.1016/j.gaitpost.2010.09.012
http://www.ncbi.nlm.nih.gov/pubmed/20947353
https://doi.org/10.1007/s004150170047
http://www.ncbi.nlm.nih.gov/pubmed/11757958
http://www.ncbi.nlm.nih.gov/pubmed/8126355
http://www.ncbi.nlm.nih.gov/pubmed/8126355
http://www.ncbi.nlm.nih.gov/pubmed/8126355
https://doi.org/10.2522/ptj.20130294
http://www.ncbi.nlm.nih.gov/pubmed/24557650
http://www.ncbi.nlm.nih.gov/pubmed/10960937
http://www.ncbi.nlm.nih.gov/pubmed/10960937
http://www.ncbi.nlm.nih.gov/pubmed/10960937
https://doi.org/10.2522/ptj.20090126
http://www.ncbi.nlm.nih.gov/pubmed/20947672
http://www.ncbi.nlm.nih.gov/pubmed/1991946
http://www.ncbi.nlm.nih.gov/pubmed/1991946
http://www.ncbi.nlm.nih.gov/pubmed/1991946
https://doi.org/10.2522/ptj.20130035
http://www.ncbi.nlm.nih.gov/pubmed/23813090
https://doi.org/10.1371/journal.pone.0221954

@ PLOS|ONE

Deactivation of somatosensory and visual cortices during vestibular stimulation

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

Glover GH, Li TQ, Ress D. Image-based method for retrospective correction of physiological motion
effects in fMRI: RETROICOR. Magn Reson Med. 2000; 44: 162—7. Available: http://www.ncbi.nlm.nih.
gov/pubmed/10893535 PMID: 10893535

Cornell ED, Burgess AM, MacDougall HG, Curthoys IS. Vertical and horizontal eye movement
responses to unilateral and bilateral bone conducted vibration to the mastoid. J Vestib Res. 2009; 19:
41-47. https://doi.org/10.3233/VES-2009-0338 PMID: 19893196

Curthoys IS, Vulovic V, Burgess AM, Cornell ED, Mezey LE, Macdougall HG, et al. The basis for using
bone-conducted vibration or air-conducted sound to test otolithic function. Ann N'Y Acad Sci. 2011;
1233: 231-241. https://doi.org/10.1111/j.1749-6632.2011.06147.x PMID: 21950999

Curthoys IS, Kim J, McPhedran SK, Camp AJ. Bone conducted vibration selectively activates irregular
primary otolithic vestibular neurons in the guinea pig. Exp Brain Res. 2006; 175: 256—267. https://doi.
org/10.1007/s00221-006-0544-1 PMID: 16761136

Curthoys IS, Burgess AM, MacDougall HG, McGarvie LA, Halmagyi GM, Smulders YE, et al. Testing
human otolith function using bone-conducted vibration. Ann N'Y Acad Sci. 2009; 1164: 344-346.
https://doi.org/10.1111/j.1749-6632.2008.03728.x PMID: 19645924

Iwasaki S, Smulders YE, Burgess AM, McGarvie LA, Macdougall HG, Halmagyi GM, et al. Ocular ves-
tibular evoked myogenic potentials to bone conducted vibration of the midline forehead at Fz in healthy
subjects. Clin Neurophysiol. 2008; 119: 2135-47. https://doi.org/10.1016/j.clinph.2008.05.028 PMID:
18639490

Nguyen KD, Welgampola MS, Carey JP. Test-retest reliability and age-related characteristics of the
ocular and cervical vestibular evoked myogenic potential tests. Otol Neurotol. 2010; 31: 793—-802.
https://doi.org/10.1097/MAQO.0b013e3181e3d60e PMID: 20517167

Wackym PA, Ratigan JA, Birck JD, Johnson SH, Doornink J, Bottlang M, et al. Rapid cVEMP and
oVEMP responses elicited by a novel head striker and recording device. Otol Neurotol. 2012; 33: 1392—
400. https://doi.org/10.1097/MAO.0b013e318268d234 PMID: 22935811

Lee B-C, Kim J, Chen S, Sienko KH. Cell phone based balance trainer. J Neuroeng Rehabil. 2012; 9:
10. https://doi.org/10.1186/1743-0003-9-10 PMID: 22316167

Sienko K, Oddsson L, Wall C. Effects of multi-directional vibrotactile feedback on vestibular-deficient
postural performance during continuous multi-directional support surface perturbations. J Vestib Res.
2008; 18: 273-285. PMID: 19542601

Friston KJ, Ashburner J, Frith CD, Poline J-B, Heather JD, Frackowiak RSJ. Spatial registration and
normalization of images. Hum Brain Mapp. 1995; 3: 165—189. https://doi.org/10.1002/hbm.460030303

NITRC: Artifact Detection Tools (ART): Tool/Resource Info [Internet]. [cited 6 Jan 2018]. Available:
https://www.nitrc.org/projects/artifact_detect/

Diedrichsen J, Balsters JH, Flavell J, Cussans E, Ramnani N. A probabilistic MR atlas of the human cer-
ebellum. Neuroimage. 2009; 46: 39—46. https://doi.org/10.1016/j.neuroimage.2009.01.045 PMID:
19457380

Diedrichsen J, Zotow E. Surface-Based Display of Volume-Averaged Cerebellar Imaging Data. PLoS
One. 2015; 10: e0133402. https://doi.org/10.1371/journal.pone.0133402 PMID: 26230510

Diedrichsen J. A spatially unbiased atlas template of the human cerebellum. Neuroimage. 2006; 33:
127-138. https://doi.org/10.1016/j.neuroimage.2006.05.056 PMID: 16904911

Diedrichsen J, Maderwald S, Kiiper M, Thirling M, Rabe K, Gizewski ER, et al. Imaging the deep cere-
bellar nuclei: a probabilistic atlas and normalization procedure. Neuroimage. 2011; 54: 1786-94.
https://doi.org/10.1016/j.neuroimage.2010.10.035 PMID: 20965257

Nichols TE, Holmes AP. Nonparametric permutation tests for functional neuroimaging: a primer with
examples. Hum Brain Mapp. 2002; 15: 1-25. Available: http://www.ncbi.nim.nih.gov/pubmed/
11747097 PMID: 11747097

BSPMVIEW | bspmview [Internet]. [cited 6 Jan 2018]. Available: http://www.bobspunt.com/bspmview/

Bernard JA, Peltier SJ, Wiggins JL, Jaeggi SM, Buschkuehl M, Fling BW, et al. Disrupted cortico-cere-
bellar connectivity in older adults. Neuroimage. 2013; 83: 103—19. https://doi.org/10.1016/j.
neuroimage.2013.06.042 PMID: 23792980

Wilke M, Schmithorst VJ. A combined bootstrap/histogram analysis approach for computing a laterali-
zation index from neuroimaging data. Neuroimage. 2006; 33: 522—-530. https://doi.org/10.1016/J.
NEUROIMAGE.2006.07.010 PMID: 16938470

Wilke M, Lidzba K. LI-tool: A new toolbox to assess lateralization in functional MR-data. J Neurosci
Methods. 2007; 163: 128—136. https://doi.org/10.1016/J.JNEUMETH.2007.01.026 PMID: 17386945

Pascual B, Masdeu JC, Hollenbeck M, Makris N, Insausti R, Ding SL, et al. Large-scale brain networks
of the human left temporal pole: A functional connectivity MRI study. Cereb Cortex. 2015; 25: 680—-702.
https://doi.org/10.1093/cercor/bht260 PMID: 24068551

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 17/18


http://www.ncbi.nlm.nih.gov/pubmed/10893535
http://www.ncbi.nlm.nih.gov/pubmed/10893535
http://www.ncbi.nlm.nih.gov/pubmed/10893535
https://doi.org/10.3233/VES-2009-0338
http://www.ncbi.nlm.nih.gov/pubmed/19893196
https://doi.org/10.1111/j.1749-6632.2011.06147.x
http://www.ncbi.nlm.nih.gov/pubmed/21950999
https://doi.org/10.1007/s00221-006-0544-1
https://doi.org/10.1007/s00221-006-0544-1
http://www.ncbi.nlm.nih.gov/pubmed/16761136
https://doi.org/10.1111/j.1749-6632.2008.03728.x
http://www.ncbi.nlm.nih.gov/pubmed/19645924
https://doi.org/10.1016/j.clinph.2008.05.028
http://www.ncbi.nlm.nih.gov/pubmed/18639490
https://doi.org/10.1097/MAO.0b013e3181e3d60e
http://www.ncbi.nlm.nih.gov/pubmed/20517167
https://doi.org/10.1097/MAO.0b013e318268d234
http://www.ncbi.nlm.nih.gov/pubmed/22935811
https://doi.org/10.1186/1743-0003-9-10
http://www.ncbi.nlm.nih.gov/pubmed/22316167
http://www.ncbi.nlm.nih.gov/pubmed/19542601
https://doi.org/10.1002/hbm.460030303
https://www.nitrc.org/projects/artifact_detect/
https://doi.org/10.1016/j.neuroimage.2009.01.045
http://www.ncbi.nlm.nih.gov/pubmed/19457380
https://doi.org/10.1371/journal.pone.0133402
http://www.ncbi.nlm.nih.gov/pubmed/26230510
https://doi.org/10.1016/j.neuroimage.2006.05.056
http://www.ncbi.nlm.nih.gov/pubmed/16904911
https://doi.org/10.1016/j.neuroimage.2010.10.035
http://www.ncbi.nlm.nih.gov/pubmed/20965257
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.ncbi.nlm.nih.gov/pubmed/11747097
http://www.bobspunt.com/bspmview/
https://doi.org/10.1016/j.neuroimage.2013.06.042
https://doi.org/10.1016/j.neuroimage.2013.06.042
http://www.ncbi.nlm.nih.gov/pubmed/23792980
https://doi.org/10.1016/J.NEUROIMAGE.2006.07.010
https://doi.org/10.1016/J.NEUROIMAGE.2006.07.010
http://www.ncbi.nlm.nih.gov/pubmed/16938470
https://doi.org/10.1016/J.JNEUMETH.2007.01.026
http://www.ncbi.nlm.nih.gov/pubmed/17386945
https://doi.org/10.1093/cercor/bht260
http://www.ncbi.nlm.nih.gov/pubmed/24068551
https://doi.org/10.1371/journal.pone.0221954

@ PLOS|ONE

Deactivation of somatosensory and visual cortices during vestibular stimulation

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Brandt T, Glasauer S, Stephan T, Bense S, Yousry T a, Deutschlander A, et al. Visual-vestibular and
visuovisual cortical interaction: new insights from fMRI and pet. Ann N'Y Acad Sci. 2002; 956: 230—241.
https://doi.org/10.1111/j.1749-6632.2002.tb02822.x PMID: 11960807

Bense S, Stephan T, Yousry TA, Brandt T, Dieterich M. Multisensory cortical signal increases and
decreases during vestibular galvanic stimulation (fMRI). J Neurophysiol. 2001; 85: 886—899. Available:
http://www.ncbi.nIm.nih.gov/pubmed/11160520 PMID: 11160520

Deutschlander A, Bense S, Stephan T, Schwaiger M, Brandt T, Dieterich M. Sensory system interac-
tions during simultaneous vestibular and visual stimulation in PET. Hum Brain Mapp. 2002; 16: 92—103.
https://doi.org/10.1002/hbm.10030 PMID: 11954059

Laurienti PJ, Burdette JH, Wallace MT, Yen Y-F, Field AS, Stein BE. Deactivation of Sensory-Specific
Cortex by Cross-Modal Stimuli. J Cogn Neurosci. 2002; 14: 420-429. https://doi.org/10.1162/
089892902317361930 PMID: 11970801

Uludag K, Dubowitz DJ, Yoder EJ, Restom K, Liu TT, Buxton RB. Coupling of cerebral blood flow and
oxygen consumption during physiological activation and deactivation measured with fMRI. Neuroimage.
2004; 23: 148—155. https://doi.org/10.1016/J.NEUROIMAGE.2004.05.013 PMID: 15325361

Costello MC, Bloesch EK. Are Older Adults Less Embodied? A Review of Age Effects through the Lens
of Embodied Cognition. Front Psychol. 2017; 8: 267. https://doi.org/10.3389/fpsyg.2017.00267 PMID:
28289397

Anson E, Bigelow RT, Swenor B, Deshpande N, Studenski S, Jeka JJ, et al. Loss of Peripheral Sensory
Function Explains Much of the Increase in Postural Sway in Healthy Older Adults. Front Aging Neurosci.
2017; 9: 202. https://doi.org/10.3389/fnagi.2017.00202 PMID: 28676758

Pasma JH, Engelhart D, Maier AB, Schouten AC, van der Kooij H, Meskers CGM. Changes in sensory
reweighting of proprioceptive information during standing balance with age and disease. J Neurophy-
siol. 2015; 114: 3220-33. https://doi.org/10.1152/jn.00414.2015 PMID: 26424578

Wiesmeier IK, Dalin D, Wehrle A, Granacher U, Muehlbauer T, Dietterle J, et al. Balance Training
Enhances Vestibular Function and Reduces Overactive Proprioceptive Feedback in Elderly. Front
Aging Neurosci. 2017; 9: 273. https://doi.org/10.3389/fnagi.2017.00273 PMID: 28848430

Bao T, Carender WJ, Kinnaird C, Barone VJ, Peethambaran G, Whitney SL, et al. Effects of long-term
balance training with vibrotactile sensory augmentation among community-dwelling healthy older
adults: a randomized preliminary study. J Neuroeng Rehabil. 2018; 15: 5. https://doi.org/10.1186/
$12984-017-0339-6 PMID: 29347946

Nelson-Wong E, Appell R, McKay M, Nawaz H, Roth J, Sigler R, et al. Increased fall risk is associated
with elevated co-contraction about the ankle during static balance challenges in older adults. Eur J Appl
Physiol. 2012; 112: 1379-1389. https://doi.org/10.1007/s00421-011-2094-x PMID: 21811766

Kannurpatti SS, Motes MA, Rypma B, Biswal BB. Neural and vascular variability and the fMRI-BOLD
response in normal aging. Magn Reson Imaging. 2010; 28: 466—476. https://doi.org/10.1016/j.mri.2009.
12.007 PMID: 20117893

Hesselmann V, Zaro Weber O, Wedekind C, Krings T, Schulte O, Kugel H, et al. Age related signal
decrease in functional magnetic resonance imaging during motor stimulation in humans. Neurosci Lett.
2001; 308: 141-144. https://doi.org/10.1016/S0304-3940(01)01920-6 PMID: 11479008

Burki CN, Bridenbaugh SA, Reinhardt J, Stippich C, Kressig RW, Blatow M. Imaging gait analysis: An
fMRI dual task study. Brain Behav. 2017; 7: 1-13. https://doi.org/10.1002/brb3.724 PMID: 28828204

Donath L, Kurz E, Roth R, Zahner L, Faude O. Different ankle muscle coordination patterns and co-acti-
vation during quiet stance between young adults and seniors do not change after a bout of high intensity
training. BMC Geriatr. 2015; 15: 1-8. https://doi.org/10.1186/1471-2318-15-1 PMID: 25559550

Centers for Disease Control & Prevention [Internet]. Available: https://www.cdc.gov/
homeandrecreationalsafety/falls/adultfalls.html

PLOS ONE | https://doi.org/10.1371/journal.pone.0221954 September 12,2019 18/18


https://doi.org/10.1111/j.1749-6632.2002.tb02822.x
http://www.ncbi.nlm.nih.gov/pubmed/11960807
http://www.ncbi.nlm.nih.gov/pubmed/11160520
http://www.ncbi.nlm.nih.gov/pubmed/11160520
https://doi.org/10.1002/hbm.10030
http://www.ncbi.nlm.nih.gov/pubmed/11954059
https://doi.org/10.1162/089892902317361930
https://doi.org/10.1162/089892902317361930
http://www.ncbi.nlm.nih.gov/pubmed/11970801
https://doi.org/10.1016/J.NEUROIMAGE.2004.05.013
http://www.ncbi.nlm.nih.gov/pubmed/15325361
https://doi.org/10.3389/fpsyg.2017.00267
http://www.ncbi.nlm.nih.gov/pubmed/28289397
https://doi.org/10.3389/fnagi.2017.00202
http://www.ncbi.nlm.nih.gov/pubmed/28676758
https://doi.org/10.1152/jn.00414.2015
http://www.ncbi.nlm.nih.gov/pubmed/26424578
https://doi.org/10.3389/fnagi.2017.00273
http://www.ncbi.nlm.nih.gov/pubmed/28848430
https://doi.org/10.1186/s12984-017-0339-6
https://doi.org/10.1186/s12984-017-0339-6
http://www.ncbi.nlm.nih.gov/pubmed/29347946
https://doi.org/10.1007/s00421-011-2094-x
http://www.ncbi.nlm.nih.gov/pubmed/21811766
https://doi.org/10.1016/j.mri.2009.12.007
https://doi.org/10.1016/j.mri.2009.12.007
http://www.ncbi.nlm.nih.gov/pubmed/20117893
https://doi.org/10.1016/S0304-3940(01)01920-6
http://www.ncbi.nlm.nih.gov/pubmed/11479008
https://doi.org/10.1002/brb3.724
http://www.ncbi.nlm.nih.gov/pubmed/28828204
https://doi.org/10.1186/1471-2318-15-1
http://www.ncbi.nlm.nih.gov/pubmed/25559550
https://www.cdc.gov/homeandrecreationalsafety/falls/adultfalls.html
https://www.cdc.gov/homeandrecreationalsafety/falls/adultfalls.html
https://doi.org/10.1371/journal.pone.0221954

