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Loss of Peripheral Vestibular Input Alters the Statistics of Head
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Abstract

It is widely believed that sensory systems are adapted to optimize neural coding of their natural
stimuli. Recent evidence suggests that this is the case for the vestibular system, which senses head
movement and contributes to essential functions ranging from the most automatic reflexes to
voluntary motor control. During everyday behaviors, head mation is sensed by the vestibular
system. In turn, this sensory feedback influences subsequent behavior, raising the questions of
whether and how real-time feedback provided by the vestibular system alters the statistical
structure of head movements. We predicted that a reduction in vestibular feedback would alter
head movements statistics, particularly for tasks reliant on rapid vestibular feedback. To test this
proposal, we recorded six-dimensional head motion in patients with variable degrees of unilateral
vestibular loss during standard balance and gait tasks, as well as dynamic self-paced activities.
While distributions of linear accelerations and rotational velocities were comparable for patients
and age-matched healthy controls, comparison of power spectra revealed significant differences
during more dynamic and challenging activities. Specifically, consistent with our prediction, head
movement power spectra were significantly altered in patients during two tasks that required rapid
on-line vestibular feedback: active repetitive jumping and walking on foam. Using computational
methods, we analyzed concurrently measured torso motion and identified increases in head-torso
movement variability. Taken together, our results demonstrate that vestibular loss significantly
alters head movement statistics and further suggest that increased variability and impaired
feedback to internal models required for accurate motor control contribute to the observed
changes.
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INTRODUCTION

The vestibular system senses movements of the head in space. These head movements can
occur due to either passive activities (e.g., riding in a car) and/or active, self-generated
activities (e.g., walking, running). Recent studies have characterized the statistical structure
(e.g., the probability of occurrence, and the spectral frequency content) of head movements
occurring during natural activities in both humans and nonhuman primates (Carriot et al.
2014, 2017a, Hausamann et al., 2019). Importantly, in response to the head movements
experienced during natural activities, the vestibular system influences subsequent behavior
via the generation of vestibular reflexes and/or the updating of internal models required for
accurate motor control (reviewed in Clark et al. 2019; Cullen 2019). Accordingly, these
motor behaviors generate head movements that, in turn, stimulate the vestibular system. The
fact that this essential sensory system also makes important contributions to motor behavior
raises the fundamental question of whether and how such real-time feedback provided by the
vestibular system alters the statistical structure of natural head movements. Time domain
analyses have revealed significant differences in the amplitude, velocity, and variability of
head movements during natural behaviors such as voluntary head movements and
locomotion in patients with bilateral (Pozzo et al. 1991; Saglam et al. 2014) and complete
unilateral vestibular loss (Mijovic et al. 2014; Paul et al. 2017, 2018; Zobeiri et al. 2021).
Yet, to date, how the loss of vestibular feedback affects the frequency content of head
movements experienced during natural activities remains unknown.

In healthy individuals, the vestibular sensory organs on each side of the head detect head
movement in six dimensions (three axes of translation and three axes of rotation) to ensure
stable gaze and provide our sense of self-motion. However, following peripheral vestibular
loss, individuals demonstrate deficits in gaze stability as well as impairments in balance and
postural control (Macpherson et al. 1999; Mergner et al. 1991; Minor 1998). These
symptoms can be debilitating, making it difficult for patients to perform their normal
everyday activities. Specific clinical measures that commonly reveal abnormalities in
vestibular function include quantification of the vestibulo-ocular reflex, postural sway
testing, and the 10-task functional gait assessment (FGA) (reviewed in Baloh et al. 2001;
Hullar et al. 2010; Goldberg et al. 2012; Nnodim et al. 2015). Notably, the increased postural
sway and impairments revealed by FGA testing observed in patients with peripheral
vestibular loss could impact the statistical structure of head motion in the frequency domain
during these exercises, as well as during other voluntary behaviors relative to normal
subjects.

Accordingly, here we investigated the role of vestibular feedback on the statistics of head
movements during voluntary activities, in both the frequency and temporal domains. We
hypothesized that the reduction in head motion feedback would alter the statistics of the
vestibular signals experienced during active, self-generated motion in patients with variable
degrees of unilateral vestibular loss when compared to healthy controls. In particular, we
predicted differences in the statistical structure of head movement would be most marked
during tasks most dependent on vestibular feedback, such as walking on foam (during which
the reliability of other short-latency sensory feedback from the somatosensory system is
reduced) and dynamic tasks that require rapid on-line feedback control. To test this proposal,
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we measured six-dimensional head motion during standard clinical assessments that
included the 10-task FGA. Additionally, because head motion is likely restricted to a more
limited range for these assessments than that which is experienced during everyday
activities, we also measured six-dimensional head movements during more challenging
dynamic activities designed to better represent the full range of movements potentially
encountered in daily life, including: (1) walking on foam, (2) jumping and hopping, (3)
quickly locomoting around obstacles, and (4) a self-paced dish-sorting task. Consistent with
our prediction, we found that vestibular loss substantially altered the statistical structure of
head movements for activities requiring rapid and robust on-line vestibular feedback. Using
computational methods, we next demonstrated that the observed changes in frequency
content could be predicted by modelling the effect of head-torso coupling. Notably, in
contrast to prior time-domain based analyses, our frequency-based approach identified head
movement differences in a clinical population largely comprised of patients with only partial
unilateral vestibular loss. Thus, taken together, our results suggest that the increased
variability of vestibulo-spinal reflexes and the lack of accurate updating of internal models
alter the head movement statistics experienced during activities requiring robust on-line
feedback control.

METHODS

Ethical approval

Subjects

Written informed consent was obtained and all procedures were approved by the Johns
Hopkins University Institutional Review Board (NA-00087648). The study was conducted in
accordance with the Declaration of Helsinki, except for registration in a database.

Approval for the study was obtained from the Johns Hopkins University Institutional Review
Board and was conducted in accordance with the Declaration of Helsinki. Two groups of
participants were recruited for this study from the Otolaryngology clinic. The first study
group consisted of 10 patients (mean age 61.5 years, range 45-80 years, 4 females) with
chronic unilateral vestibular hypofunction: 7 patients diagnosed with chronic unilateral
vestibular hypofunction due to various etiologies (e.g., Meniere’s disease, vestibular
neuritis) and 3 patients with unilateral vestibular loss as a result of vestibular schwannoma
resection. All patients had evidence of unilateral vestibular loss based on bithermal caloric
irrigation testing (unilateral weakness > 25%) and/or quantitative video-head impulse testing
(vestibulo-ocular reflex gain < 0.7 in the affected ear, normal in the unaffected ear), per
published criteria (Strupp & Magnusson, 2015). The second group included 10 age-matched,
gender-matched controls (mean age 60.5 years, range 45-79 years, 4 females) who did not
have any history of otologic or neurologic disease.

Movement recordings

Each subject’s head-in-space (Hg) and torso-in-space (Tg) movements were recorded in 6
dimensions using two micro-electromechanical systems (MEMS) wireless sensors
(Shimmer3, Shimmer Research Ltd., Dublin, Ireland), each comprising 3 linear
accelerometers (recording linear accelerations along the fore-aft, interaural, and vertical
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axes) and 3 gyroscopes (recording angular velocity about pitch, roll, and yaw; Fig. 1A). Data
from each sensor was sampled at 1000 Hz and recorded on a microSD card. Before each
recording session, the Shimmer3 sensor accelerometers and gyroscopes were calibrated
using the manufacture’s recommended approach (Ferraris et al. 1995). During experiments,
one of these small (51mm x 34mm x 14mm) lightweight (26 g) sensors was comfortably
attached to the subject’s head (above the left ear) to measure angular velocities and linear
accelerations referenced as close to the vestibular end organs as possible (see Carriot et al.,
2014, 2017). The second sensor was placed on the torso (i.e., near L2-L3). For the head
sensor, the plane spanned by the fore-aft and the lateral axis of the Shimmer3 was visually
aligned with the subject’s Frankfurt plane (i.e., the plane passing through the inferior margin
of the orbit to the external auditory meatus). To further confirm that the alignment to the
Frankfurt plane, we recorded the acceleration while subjects positioned stationary and
confirmed that the z-axis of the sensor is aligned to the gravity. In case of small errors, a
corrective rotation matrix was estimated and applied to both 3-axis accelerometer and
gyroscope.

Functional Gait Assessment (FGA)

Patients were tested using the standard FGA which is commonly used in the clinic to assess
postural stability during walking and comprises ten tasks (Wrisley et. al. 2004). Specifically,
we recorded six-dimensional head and torso movements during these standard tasks which
include: (1) gait on a level surface, (2) change in gait speed, (3) gait with horizontal head
turns, (4) gait with vertical head turns, (5) gait and pivot turn, (6) step over obstacle, (7) gait
with narrow base of support, (8) gait with eyes closed, (9) ambulating backward, and (10)
steps.

Additional dynamic activities.

In addition to the testing done for FGA tests, we recorded six-dimensional head and torso
movements during dynamic activities designed to emulate movements experienced in daily
life, including: (1) jJumping and hopping, (2) walking on foam, (3) locomoting around
obstacles and (4) self-paced dish-sorting. During the “jumping” and “hopping” tasks, each
subject first jumped 10 times as high as they could, then after a 15-second pause hopped on
each foot 10 times (right then left). The “jumping” and “hopping” tasks were each repeated
two times. During the “walking on foam” tasks, subjects initially stood on a firm floor then
stepped onto and walked ~ 3 steps along an Airex foam balance-beam (160 x 24 cm, Airex
AG, Sins, Switzerland). This task was performed with the subject either walking with both
feet or a single foot on the foam, and each task was repeated two times. During the
“locomoting around obstacles” tasks, subjects were instructed to (i) walk, (ii) run, and
finally (iii) dribble a soccer ball around 3 cones placed 5 feet apart. Subjects began 5 feet
from the first cone and turned around the last cone to repeat the sequence in reverse
returning to the start point. Finally, during the “dish-sorting” task subjects started facing a
shelving unit (IKEA KALLAX, 77 x 147 cm) and were asked to pick up plastic plates, cups,
and utensils (IKEA, KALAS) one by one from a basket on a table (75 cm high) located on
their left side. They were instructed to sort them as quickly as possible into 6 groups by
color to match examples of each color that had been previously positioned on each of 6
shelves.
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Data Analysis

For each activity, we quantified the distribution of the motion signals measured by the 2
sensors (head and torso) for each of the six axes of motion (3 linear and 3 rotational axes).
Specifically, for each subject, sensor, and axis we first removed the mean of the signal and
then computed the kurtosis and root mean square (RMS) for each activity defined as
follows:

1 ©on 4
. ;Zi =1%i
Kurtosis = ——— (1)

1 on 22
(;Zi:lxi)

1 n
RMS = 1/; .Zl x? @
i=

in which x{/= 1 to n) are data samples and 7 is the length of the signal. In addition, we
performed a frequency-dependent analysis of these same movements. Specifically, we first
computed the power spectral densities (Pwelch function, MATLAB, MathWorks) using
Welch’s averaged periodogram with nfft = 2048 and a Bartlett window (2048ms duration,
corresponds to 0.488Hz frequency resolution) for all six dimensions of movement recorded
by each of the two sensors. We fit the power spectrum with a power-law over both the low-
and high-frequency ranges by finding two lines that could best represent (i.e., highest R?)
the power spectrum between the range of 0.2 Hz to 30 Hz (Carriot et al. 2014). These ranges
correspond to those used in neurophysiological studies (Massot et al. 2012). In the fore-aft
and vertical axes, which comprised significant power at the locomotion frequency (~2 Hz),
we excluded the power at the frequencies from 1 Hz to 3 Hz in our fitting algorithm. The
transition frequency was determined as the frequency at which the two power-law fits
intersected. To find the difference between the power spectra of two groups, we determined
every frequency bands larger than 5Hz in which the power was significantly different at all
frequencies within the band.

We also computed head-on-torso motion (Ht) spectra by taking the spectra of the difference
between the corresponding (i.e., same sensor and axes) Hq and T, signals. Additionally, we
adapted the approach of Miyamoto et al. 2020, in which signals from the head (Hs) and torso
(T,) sensors were first filtered (5! order Butterworth zero-phase bandpass filters, with cut
off frequencies of 0-5, 5-10, 10-15, 15-20, and 20-25Hz). For each frequency band, the
zero-crossings of the resultant signals were used to identify the beginning and end of band-
specific cycles. To obtain gain estimates Gyt and Gns, Ht and Hg signals were divided by
corresponding Tg signals, respectively. Similarly, Phaseyt was defined as the phase
difference between Ht and Tg signals in degrees. For our 5Hz-wide band-pass-filtered
motion signals, we computed the gain and phase values using a linear regression analysis
performed on each individual cycle. For each frequency band, the manifold that explains
Gps as a function of Gt and Phaseyt was estimated by fitting a surface on the values
across all cycles from all subjects.
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To confirm that the power of the spectrum remained significant at a given frequency, we
recorded the motion signals for 15 minutes while the motion sensor was not moving to
determine the motion sensor’s noise level. We then computed and compared the power
spectral density of the noise with the PSD of the recording signals during different activities.
For all comparisons between measures from healthy controls and vestibular patients, we
performed independent sample permutation tests. Specifically, p-values were computed,
obtaining the test statistics for 10000 randomized rearrangements of the observed data
points. These measures include RMS, kurtosis, power at each frequency point and any
specific frequency band, as well as the variability and deviation of the average of Gt and
PhaseyT. All significant effects are reported at p <0.05. Correction for multiple comparisons
were not performed since the goal of this exploratory study of was to investigate unilateral
vestibular loss patients already known to be different from healthy controls based on clinical
assessment and performing correction would have exaggerated Type 1l errors. Throughout
the text, values are expressed as mean + SD. All data processing and statistical tests were
performed using MATLAB (The MathWorks, Inc., Natick, Massachusetts, United States).

Statistics of natural self-motion signals in patients with vestibular loss

We examined motion along six axes (3 translational and 3 rotational motion) in 10
individuals with vestibular loss and 10 controls during the 10-task FGA as well as more
challenging dynamic activities designed to better represent the full range of movements
potentially encountered in daily life. These included walking on foam, jumping and hopping,
locomoting around obstacles, and dish-sorting. The time-varying profiles and distribution of
the head motion signals recorded from one healthy control (blue traces) and one unilateral
vestibular patient (red traces) in each of the three axes of translation and three axes of
rotation are shown in Figure 1B and 1C, respectively. Notably, the intensity of these stimuli
reached up to 500 deg/s of angular velocity and 2G of linear acceleration (Fig. 1B).

We found that the overall intensity of vestibular stimuli did not differ between patients and
control participants. Specifically, to determine whether the range of head-in-space (Hg)
movement values differed for patients versus controls for the three rotational and three linear
axes, we first computed the RMS of the motion experienced across all tasks in our study. We
found no difference in RMS for any of the six dimensions of head motion (p >0.05 for all
axes). We also found that for both groups, the probability distributions across all activities
for each of the six motion dimensions were not Gaussian, as quantified by large (>10)
positive excess kurtosis values (Fig. 1C, insets), but were instead characterized by long tails
implying that stimuli with high intensities were more likely to occur. Overall, the
population-averaged excess kurtosis values were significantly different from zero for both
groups, for all axes (highest p=0.0215). Notably, we found no differences between the
excess kurtosis values characterizing the distributions of experienced motion by healthy
controls and unilateral vestibular patients (Table 1, p > 0.05 for all axes), with all values as
those previously reported in our study of normal subjects (Carriot et al. 2014).
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We next quantified the frequency content of vestibular stimuli by computing the power
spectra of Hg motion across all activities. We found that for both healthy controls and
unilateral vestibular patients, the power spectra generally decreased slowly for frequencies
below ~1-5 Hz and more sharply for higher frequencies (Fig. 1D). As a result, the spectra of
natural self-motion signals were not well fit by a power law (Fig. 1D), again consistent with
previous findings in normal human subjects (Carriot et al. 2014). Specifically, the best
power-law fit obtained over the low-frequency range gave rise to a different exponent (which
corresponds to the slope of the fit on a log-log plot) than the best power-law fit obtained over
the high-frequency range (see Methods). This “transition frequency” is denoted for each
spectrum in Fig. 1D (vertical lines).

Vestibular stimuli statistics in patients are altered for challenging and dynamic tasks

Our analysis above considered the vestibular stimuli experienced across all activities. This
raises the question of whether there are differences in the statistical structure of the
vestibular stimuli experienced by patients and control subjects for specific behaviors. To
answer this question, we next compared the Hg motion of our patients and control subjects
in all dimensions within each task. Interestingly, we again found no significant differences
between the RMS and/or kurtosis values between our two subject groups for each of our
specific tasks in any dimension. We then compared the power spectra of the vestibular
stimuli generated by subjects during each of these activities. Figure 2 illustrates all the
frequency bands (See Methods) across which the power spectral density of Hg movements
experienced by unilateral vestibular patients versus healthy controls were significantly
different. Rows represent different activities, while columns correspond to the motion
measured in each of the six axes. Red filled areas represent frequency ranges over which
patients showed significantly) higher power than healthy controls.

Overall, we found that: (i) Patients experienced a significant increase in high-frequency
power in vertical Hg acceleration during both trials of vertical jumping (Fig. 2, open orange
rectangles). (ii) Patients also experienced greater high-frequency Hs roll power during two
challenging activities in which subjects walked on a narrow foam “balance-beam” (see
Methods) with either both feet or single foot (Fig. 2, open green rectangles, top, and bottom
respectively). (iii) Finally, patients experienced decreased power in all linear motion axes
during a standard FGA task requiring changes in gait speed (Fig. 2, open purple rectangles).
Notably, we were surprised to find no difference in the head movement power experienced
by patients versus controls during the “dish-sorting” task, a task that required subjects to
rapidly generate directed head and body movements. Both subject groups also completed the
task in comparable period of time (p=0.64). However, we did find that patients made
significantly more head turns in the direction ipsilateral to the lesion than controls consistent
with a prior report (Mijovic et al., 2014).

To demonstrate the increase in Hg motion power during the jumping (Fig. 3A) and walking
on foam tasks (Fig. 3C) observed in patients (i.e., Fig. 2, open orange and green rectangles,
respectively), we superimposed their population-averaged power spectra on those of control
subjects. Overall, during the vertical jumping task, patients experienced greater linear
vertical Hg motion power at higher frequencies (Fig. 2, open orange rectangles, Fig. 3B,
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shaded grey area; 10 —18Hz, p=0.0086). Importantly, since we collected data for two trials
of the jumping task, we were further able to validate that this result was consistent across
both the first and second set of trials (Fig. 2, open orange rectangles). Likewise, during the
“walking on foam” task, patients again experienced greater Hg motion power at higher
frequencies. Specifically, comparison of patient and control subject data during the “walking
on foam with both feet” task revealed that patients generated significantly higher power in
their side-to-side Hg rotations (i.e., roll axis) (Fig. 2, top open green rectangle, Fig. 3D,
shaded grey area; 10 —25Hz, p=0.047). Further, during the “walking on foam with one foot”
task, patients also generated significantly higher power in the roll axis (Fig. 2, bottom green
rectangle, 12 —25Hz, p=0.043). Notably, the results of our frequency-based analysis of these
tasks were in striking contrast to those obtained by quantifying the temporal-based RMS or
probability distributions motion amplitude in each dimension, as noted above. Specifically,
comparison of RMS between control and patient groups revealed no differences for vertical
accelerations or any of the other remaining 5 dimensions of Hg motion (Figs. 3A & C,
bottom insets, p=0.67 and p=0.79, for jumping and walking on foam with one foot or both
feet, respectively). A comparison of kurtosis values likewise revealed no differences between
groups (p=0.32 and p=0.62).

Finally, as shown in Figure 2 (open purple rectangles), we only observed a difference in Hg
motion power for patients versus controls during one of the more challenging gait tasks
within the standard FGA. Specifically, during the task requiring “changes in gait speed (Fig.
4A), patients experienced a relative decrease in power for motion along all linear axes at
higher frequencies (Fig. 4B, denoted by shaded grey areas; fore-aft 18-25Hz, p= 0.043;
lateral, 15-22Hz, p = 0.025; vertical, 18-25Hz p=0.026). Figure 4B directly compares the
population averaged power spectrum of patients and control subjects for the “change in gait
speed” task of FGA (Fig. 2, open purple rectangles). Again, the results of our frequency-
based analysis of these tasks contrasted with those obtained by quantifying the RMS or
probability distributions of movement in each dimension. Notably, the RMS of head motion
experienced by vestibular patients and healthy controls was again comparable during the
“change in gait speed task” (Fig. 4A bottom inset; p=0.55, p=0.85, p=0.22), and comparison
of kurtosis revealed no differences between the distributions of motion in any direction
between the two subject groups (p=0.36, p=0.56, and p=0.67).

Power spectra analyses further reveals differences in torso motion / head on torso motion
for vestibular patients during jumping

In addition to recording six-dimensional head motion relative to space, we simultaneously
recorded six-dimensional torso motion relative to space (Ts) during all activities. As
observed in our analysis of head motion, the RMS and kurtosis of torso motion experienced
by vestibular patients and healthy controls was likewise comparable in all tasks for all six
axes (p>0.057, for both measures). Interestingly, comparison of Tg motion power in each
axis revealed no differences between patients versus healthy control subjects for the majority
of tasks. However, we did observe differences during three specific tasks. First, patients
experienced decreased high frequency Tg power in the fore-aft axis during 2 tasks of the
FGA namely, (i) gait with horizontal head turns (20-25Hz; p=0.014) and (ii) gait and
horizontal body pivot turns (20-25Hz; p=0.012). However, patients did not demonstrate
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corresponding differences in head motion during these same tasks (Fig. 2). Importantly,
patients also experienced a relative increase in linear vertical torso movement power
compared to healthy controls during the vertical jumping task (Fig. 5A, left panel, denoted
by shaded grey area). Indeed, this change was similar to that described above for our
analysis of head motion power during jumping, with patients generating higher power in
their linear vertical torso movement relative to healthy controls at higher frequencies (14—
22Hz, p=0.032).

To gain insight into the mechanisms underlying the observed increases in both head and
torso power generated by patients during jumping, we next calculated the difference between
concurrently measured head and torso motion to compute head motion relative to torso
motion (HT). Figure 5A (right panel) plots the power spectra for vertical linear Hy. Overall,
H+ power was comparable for patients and healthy controls at lower frequencies of
movement, consistent with relative similarity between torso and head motion power relative
to space (Hs) for both groups (Fig. 5A, center panel). Correspondingly, patients generated
increased Ht power in the vertical axis at higher frequencies, consistent with an increased
head/torso stabilization required for the higher Tg power generated in this range (Fig. 5A,
right panel, shaded grey area, 10-20Hz, p=0.049).

Finally, as noted above, the torso motion generated by unilateral vestibular patients and
healthy controls was comparable for the large majority of activities, across all 6 axes.
Interestingly, this remained the case for the “walking on foam” tasks described above (Fig.
3C&D) during which patients experienced significantly greater head movement (Hg) power
in the roll axis at higher frequencies compared to healthy controls (Fig. 5B, left panel). Thus,
the increase in roll head motion observed in this task was not related to a change in Ts.
Thus, to gain insight into this result we again calculated the difference between concurrently
measured head and torso motion to compute head motion relative to torso motion (Hr).
Figure 5B (right panel) plots the power spectra for roll axis Hy. Surprisingly, we found that
patients and controls experienced similar head motion relative to torso (Ht) across all
frequencies (Fig. 5B, right, p>0.064). This then raises the question: If head-torso coupling is
comparable in patients and controls during walking on foam, how can we interpret the
observed difference in the Hg power spectra?

Head on torso variability increases for patients during challenging balance tasks

To further investigate this apparent paradox, we analyzed the motion of each subject within
specific frequency bands to assess the phase as well as within-subject variability of the head-
torso coupling during the “walking on foam” task. Specifically, adapting a method from
Miyamoto et al. 2020, we first bandpass filtered the measured roll signals to obtain five
equally spaced bands across the physiologically relevant frequency range (e.g., 0-5Hz, ...,
20-25Hz) and then computed the average and variability of gain (GyT) and phase (PhasepT)
of head-torso coupling for each frequency band-specific cycle (see Methods). Figure 6A
plots the signals computed with the 20-25Hz bandpass filter. Note that because our results
revealed similar Tg motion in patients and healthy controls (Fig. 6B, left), increased Hg
power at higher frequencies in vestibular patients is proportional to increased average of
normalized frequency-dependent magnitude of Hg (i.e., GHs). In theory, the Gy is directly
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impacted by average and variability of Gy and Phaseyt. For instance, a sinusoidal
movement can be described by Gyt and Phaseyt based on a manifold that is shown in
Figure 6B. In this figure, joint distributions of Gyt and Phaseyt are represented with the
center position (average) and radius (standard deviation) of the ovals. A perfect
compensation (i.e., zero Gys) only occurs when for all cycles the magnitude of Ht motion is
equal to the Tg movement but in the opposite direction (i.e., center position at Gyt= 1,
Phaseyt= 180 deg with zero radius, Fig. 6B, black stars). Any increase in the average
distance of either Gyt or Phaseyt values from this optimum point (i.e., change in center or
increase in radius of the oval) increase the Gyg. Thus, we hypothesized that the observed
increase Gy in the vestibular patients at high frequencies is due to an increased average
distance of Gyt and PhaseyT distributions from the optimal point.

Overall, four specific changes relative to a reference distribution (Fig. 6B, grey oval) could
contribute to an increase in Gg, specifically: (H1) a deviation in the average of Gyt from
Gut=1 (Fig. 6B, open purple oval), (H2) a deviation of the average of Phaseyt from
PhaseyT = 180 deg (Fig. 6B, open green oval), (H3) an increase in the variability of Gyt
(Fig. 6B, larger vertical radius of open orange oval), and (H4) an increase in the variability
of the Phaseyt (Fig. 6B, larger horizontal radius of open blue oval). Figure 6C plots the top
view of the manifolds fitted on the data from our “walking on foam” task. The blue and red
ovals represent the joint distributions of Gyt and Phasept for healthy controls and vestibular
patients, respectively. Based on our results we ruled out our first possible hypothesis (H1),
since the average Gyt in patients and controls were comparable across all frequency bands
as illustrated by similar vertical position of the blue and red cross signs in Figure 6C (Fig.
6C, top, H1, p>0.29). This finding is further consistent with our power spectra analysis
above showing that the H and Tg power spectra in patients and healthy controls were
comparable (Fig. 5B). Second, our results also ruled out our second hypothesis (H2), since
the average of Phasey1 was comparable for patients and healthy controls (Fig. 6C, bottom,
similar horizontal position of the blue and red cross signs, top: H2, p>0.25). Notably, our
data were consistent with our last two hypotheses (i.e., H3 and H4). Specifically, Gyt was
significantly larger for vestibular patients than healthy controls at higher frequencies as
illustrated by larger vertical radius of red compared to blue oval (Fig. 6C, top, H3, p= 0.015
for 10-15Hz and p = 0.013 for 20-25Hz). Also, the variability of Phaseyt was significantly
larger for vestibular patients than healthy controls at higher frequencies (Fig. 6C, top,
H4,bottom: increased horizontal radius of red compared to blue oval; p=0.021 for 15-20Hz
and p=0.019 for 20-25Hz). This result addresses the apparent paradox noted above, since it
explains why patients have higher Hg power compare to controls during walking on foam
even though both the power of T and head-torso coupling (Ht) were comparable.
Specifically, patients generated higher variability in their head-torso coupling, which
resulted in higher Hg power (Figure 5B, middle).

Finally, for completeness, we performed a similar analysis on other activities in our dataset.
First, we investigated the “jumping” task, during which patients showed increased power in
Ts, Hs, and Ht compared to healthy controls between 10 and 20Hz (i.e., Fig. 5A).
Interestingly, our results again ruled out H1 and H2. Instead, again consistent with H3, we
found that patients had significantly higher variability of Gyt compared to healthy controls
at 10-15Hz (Fig. 6D, p=0.023), corresponding to the same region over which we saw
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increased power in patients. Further, although there was a tendency for increased Phaseyt
variability (i.e., H4) in patients, this did not reach significance. Thus, taken together these
findings suggest that patients commonly generated higher variability in their head-torso gain
(i.e., GyT) for these activities, consistent with H3.

DISCUSSION

Naturally occurring sensory stimuli are typically complex, and analyses that characterize
these stimuli in both the time-based (temporal) and frequency domain are used to capture the
complexity of the signals. For example, sounds can be described in either temporal (e.g.,
length of the sound, stimulus amplitude profile) or frequency (i.e., which frequencies of
sound are present in the signal) domains. In the present study, we quantified the vestibular
stimulation resulting from active movements in the temporal and frequency domain, to
evaluate if and how the statistics of vestibular signals during everyday activities is altered in
individuals with vestibular loss. Specifically, we evaluated vestibular stimuli in the temporal
domain by comparing the RMS and probability distributions of linear head accelerations and
angular head velocities, and in the frequency domain by comparing the power spectral and
frequency-dependent variability analyses of these same signals. We show for the first time
that the spectral power of the vestibular signals experienced by patients differed from those
experienced by control subjects. In particular, our data demonstrate that the loss of vestibular
feedback alters the statistical structure of head movements experienced during most
challenging activities that require robust on-line feedback control (i.e., jumping and walking
on foam). To probe the underlying mechanisms, we analyzed head and concurrently
measured torso motion during each of our tasks and modelled the effect of head-torso
coupling on the head stability. Based on these analyses, we suggest that increased variability
in the head-torso coupling and compromised updating of the internal models for challenging
tasks requiring rapid on-line feedback contribute to the changes the statistical structure of
head motion observed following vestibular loss.

Vestibular loss alters head motion statistics of activities requiring on-line feedback

Our time-based analysis of vestibular stimuli first showed that patients with unilateral
vestibular loss experience head movement intensities as high as 500deg/s and 5.5g.
Amplitudes distributions were comparable during each activity and across all six motion
dimensions for patients and healthy controls. Specifically, distributions of both linear
accelerations and rotational velocities were characterized by comparable large and positive
excess kurtosis values in both groups. Additionally, head movement variability quantified
using RMS was comparable. It is noteworthy that the majority of our subjects did not have a
complete unilateral vestibular loss, as prior time-domain based analyses of head motion in
the time domain have found differences between the head movements in populations of
patients with complete unilateral vestibular loss (i.e., as a result of vestibular schwannoma
surgery) and healthy control (Mijovic et al. 2014; Paul et al. 2017, 2018; Zobeiri et al. 2021).
In this context, our present findings are encouraging in that they provide evidence that while
time-based measures lacked the sensitivity required to identify this specific group of
patients, frequency-based analysis revealed marked differences between patients and healthy
controls. For consistency, head motion signals are always measured with the sensor on the
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left side - rather than on the ipsilesional versus contralesional side. Nonetheless, we found
that the probability distributions of the head motion for unilateral vestibular patients (Figure
1C) were symmetric, and not significantly different from controls and thus would not expect
to see any significant differences in measurements made from a sensors on the ipsilesional
versus contralesional sides of the head.

In particular, our frequency-based analyses revealed that the vestibular signals experienced
by patients with unilateral vestibular loss were altered for specific activities. Most notably,
patients experienced significantly greater mid-to-high frequency head motion power while
walking on foam and during jumping. Patients also experienced /ower head motion power at
higher frequencies in all three linear motion axes (fore-aft, lateral, and vertical) during a
standard FGA task requiring changes in gait speed. Taken together, our present results show
that peripheral vestibular loss alters the statistical structure of the self-motion stimuli
experienced during specific dynamic activities. Specifically, our findings suggest that
patients with unilateral vestibular loss constrain their head movement during less
challenging activities (e.g., gait on level surface and gait with head turns) but are unable to
stabilize their heads during more challenging and/or dynamic activities (e.g., walking on
foam and jumping).

Natural vestibular stimuli have significant frequency content up to ~25 Hz in both humans
and primates during active head turns (Armand & Minor, 2001; Huterer & Cullen, 2002), as
well as during typical everyday activities including locomotion (Carriot et al. 2014,
2017a,b). When plotted in coordinates of log power versus log frequency, the power
spectrum of such natural vestibular stimuli cannot be fit with a straight line (Carriot et al.
2014, 2017a). This contrasts with natural visual and auditory stimuli, which follow a
relationship referred to as a power law (reviewed in Simoncelli et al. 2001). Instead, the
spectral frequency content of natural vestibular stimuli decreases relatively slowly over the
low-frequency range (below ~5 Hz) and more rapidly over higher frequencies (Carriot et al.
2014). In the present study, we observed this same pattern in patients with vestibular loss,
where the corresponding “transition frequencies” remained in the ~5Hz range (Fig. 1). Prior
studies have shown that the unique stimulus structure of vestibular input experienced during
voluntary behaviors is the result of active motion as well as passive biomechanical filtering
(Carriot et al. 2014). Thus, this transformation appears to be a fundamental aspect of the
statistical structure of vestibular stimuli, which is not altered following a vestibular loss.

Impaired updating of the internal models of voluntary movements versus reduced efficacy
of postural reflexes

The main goal of our study was to investigate the role of vestibular feedback on the
statistical structure of the head movements occurring during voluntary activities. To do this,
we measured six-dimensional head movements in patients with vestibular hypofunction
during active dynamic tasks that were designed to represent the full range of movements
generated during everyday activities and included walking on foam, jumping and hopping,
locomoting around obstacles and a self-motivated dish-sorting task. Such voluntary
behaviors require precisely coordinated movements of multiple body parts and are
characterized by ‘repetition without repetition’ (Bernstein, 1967). Thus, for example, there
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will be variability across steps in the “walking on foam” task for each subject. Based on
theoretical and behavioral studies, there are many reasons to believe that the brain ensures
the accuracy of voluntary movements via a cerebellum-based mechanism that predicts the
sensory consequences of motor commands (Miall & Wolpert, 1996; Lackner and DiZio,
2005; reviewed in Popa & Ebner, 2019). The difference between this internal prediction and
the actual sensory consequences of movement is termed the sensory prediction error, and the
prevailing view is that the cerebellum-based mechanism(s) require(s) on-line feedback to
compute sensory prediction errors to ensure movement accuracy (Brooks et al. 2015;
Mackrous et al. 2019).

In the present study, subjects had access to multiple sources of feedback, signaling the actual
sensory consequences of movement (e.g., vestibular, visual, somatosensory). Accordingly, to
ensure movement accuracy, the brain could compare this information with its internal
prediction of the sensory consequences of voluntary behaviors. Notably, our patient group
would have had less reliable vestibular feedback compared to our controls. The brain’s
reliance on different sources of sensory feedback is dependent on the relative noise of each
(with less noisy estimates having greater weight, van Beers et al., 2009; Ernst & Banks,
2002). As a consequence, patients with vestibular loss tend to upweight their reliance on
other sensory cues (i.e., visual and proprioceptive feedback), particularly at higher
frequencies where vestibular signals normally play the dominant role (Peterka & Loughlin,
2004; Peterka et al. 2011; Peterka, 2018). Additionally, behavioral studies in both humans
and monkeys have shown that the upweighting of predictive motor signals further contribute
to compensation (e.g., Dichgans et al., 1973, Della Santina et al., 2002, Sadeghi et al. 2010,
2012). This reweighting of sensory inputs and motor predictions occurs rapidly after
unilateral vestibular loss and is mediated by the unmasking of these extravestibular cues at
the first central stages of vestibular processing (Sadeghi et al. 2010, 2011, 2012; Jamali et al.
2014). Interestingly, such upweighting of extravestibular cues (e.g., sensory and motor
predictions) in our patients was sufficient to ensure that normal head motion was
indistinguishable in both the temporal and frequency domains during most of the tasks in the
present study.

Importantly, however, patients demonstrated significantly greater head motion power at
higher frequencies compared to controls during specific behaviors that likely required robust
on-line feedback control. Specifically, patients generated greater head motion power during
the “jumping” task, which, in addition to being highly dynamic, was not a common behavior
for most subjects. Additionally, patients experienced greater head motion power during
“walking on foam” task, which is notable in that it was specifically designed to reduce the
reliability of somatosensory feedback (Mulavara et al. 2009; Cohen et al. 2012). Thus, the
upweighting of visual feedback, which is a relatively slow sensory system and thus is less
effective at higher frequencies (reviewed in Desmurget & Grafton 2000), was unable to fully
compensate for the loss of vestibular feedback during these tasks. We further speculate that
the movement predictability was relatively lower during these more challenging tasks.
Decreases in movement predictability have been linked to an increased reliance in vestibular
sensory signals for estimating head movement (MacNeilage and Glasauer, 2017, Dietrich et
al., 2019). Thus, it is likely that patients showed significant differences during these specific
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tasks, since their requirements for online sensory feedback to correct for unpredictable
motions distinction were the most challenging.

Interestingly, for both tasks, our modeling results suggest that increased frequency-specific
head-on-torso motion variability underlies the observed increase in head movement power
(Fig. 6C&D). One possibility is that central changes in vestibulospinal pathways increases
the variability in head-on-torso stabilization responses of unilateral vestibular patients.
Previous behavioral (Igarashi & Guitierrez, 1983), electromyography (Dutia et al., 1985;
Lacour et al. 1979; Lindsay & Rosenberg, 1977), and electrophysiology (Sadeghi et al.,
2011) experiments have shown that the efficacy of vestibulospinal reflexes recovers to
normal values within 2—3 weeks following unilateral vestibular loss. It is noteworthy that
studies above measured averaged gain and phase but not variability. Importantly, however,
neurons at the first stage of central processing (i.e., vestibular nuclei) show an increase in
trial-to-trial neuronal variability following unilateral vestibular loss that persists over time
(Jamali et al. 2014). This increased variability could then, in turn, lead to increased
variability of vestibulo-spinal pathways that generate compensatory head/torso movements
(Peng et al., 1996, Goldberg & Cullen, 2011). Here we have focused on head/torso coupling;
future studies using an additional cervical sensor would further enable analysis of the
contributions of head/neck coupling.

Current evidence suggests that the accurate calibration and control of voluntary self-motion
requires the central nervous system to generate an internal model of the predicted sensory
consequences of head motion that it dynamically compares to the actual sensory feedback
(reviewed in Cullen 2019). Notably, internal models appear to employ probabilistic models
to learn the distribution (i.e., average and variability) of the sensory feedback (Kording &
Wolpert 2004; Ma & Jazayeri 2014). Thus, while noisy vestibular feedback would not affect
the average predictions, it is also possible that the increased noise in the vestibular feedback
(i.e., the observed increase in head-torso gain /phase variability) adds uncertainly to the
predictions of the brain’s internal models. In this context, compromised feedback to internal
models could have also contributed to the marked changes observed in patient head mation
statistics during challenging voluntary tasks that require rapid on-line feedback control (i.e.,
“walking on foam” and “jumping”).
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Refer to Web version on PubMed Central for supplementary material.
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Key points

Sensory systems are adapted to the statistical structure of natural stimuli,
thereby optimizing neural coding.

Head motion during natural activities is first sensed and then processed by
central vestibulo-motor pathways to influence subsequent behavior, thereby
establishing a feedback loop.

To investigate the role of this vestibular feedback on the statistical structure of
the head movements, we compared head movements in patients with
unilateral vestibular loss and healthy controls.

We show that the loss of vestibular feedback substantially alters the statistical
structure of head motion for activities that require rapid on-line feedback
control and predict this change by modeling the effects of increased
movement variability.

Our findings suggest that, following peripheral vestibular loss, changes in the
reliability of the sensory input to central pathways impact the statistical
structure of head motion during voluntary behaviors.
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Figure 1.
Distributions of head linear accelerations and rotational velocities were comparable for

patients and healthy controls during all activities. (A) Head-in-space (Hs) and torso-in-space
(Ts) movements in six dimensions were recorded using two lightweight inertial sensors. (B)
An example of Hg roll angular velocity (first row), pitch angular velocity (second row), yaw
angular velocity (third row), fore-aft acceleration (fourth row), lateral linear acceleration
(fifth row), and vertical linear acceleration (sixth row) signals during all tested tasks,
recorded from one healthy control (blue traces) and one unilateral vestibular patient (red
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traces). (C) The population-averaged probability distributions of vestibular stimuli (angular
velocity or linear acceleration) in all six mation dimensions for healthy controls (blue) and
unilateral vestibular patients (red). Insets: population-averaged excess kurtosis values
(patients vs. healthy controls; roll: 14.1+8 vs. 13+£5.79, p = 0.74; pitch:10.1+4.37 vs.
11.5+5.76, p =0.54; yaw: 15.3+1.99 vs. 14+2.89, p = 0.26; fore-aft: 6+2.14 vs. 6.07+1.18, p
= 0.94; lateral: 5.29+1.3 vs. 4.73+0.53, p = 0.22; vertical: 15+6.92 vs. 11.94+3.19, p = 0.23).
(D) Population-averaged power spectra of these signals with corresponding 95% confidence
intervals (shaded bands) superimposed on the power spectra of individual subjects. Dashed
lines show the power-law fits over the low-frequency and the high-frequency ranges. The
transition frequencies (i.e., the frequency at which the power-law fits intersect) are also
shown for both healthy controls and patients.
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- Higher power in healthy (p<0.05)

- Higher power in patient (p<0.05)

Trial #1
Trial #2
HOPPING ON CONTRA sipg { I"'al #1
Trial #2
Trial #1

Trial #2

JUMPING

HOPPING ON IPSI SIDE

Angular Velocity
Roll Pitch

ﬂ#—#

Page 21

H EADSPACE

Linear Acceleration

Fore-aft Lateral

F <>

Vertical

:

T

WALKING ON FOAM WITH BOTH FEET
WALKING ON FOAM WITH ONE FOOT

WALKING AROUND THE OBSTACLES
RUNNING AROUND THE OBSTACLES
DRIBBLING A BALL AROUND THE OBSTACLES

DISH SORTING

FGA 1-GAIT LEVEL SURFACE

FGA 2-CHANGE IN GAIT SPEED

FGA 3-GAIT WITH HORIZONTAL HEAD TURNS
FGA 4-GAIT WITH VERTICAL HEAD TURNS

FGA 5-GAIT AND PIVOT TURN

FGA 6-STEP OVER OBSTACLE

FGA 7-GAIT WITH NARROW BASE OF SUPPORT
FGA 8-GAIT WITH EYES CLOSED

FGA 9-AMBULATING BACKWARDS

FGA 10-STEPS

Figure 2.
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Overview of the differences in the power spectra of Hg movements for all six motion
dimensions (columns) experienced by unilateral vestibular patients versus healthy controls,
during all tested tasks (rows). Red and blue filled areas represent frequency ranges over
which patients showed significantly higher power than healthy controls, respectively
(p<0.05). Green, orange open rectangles highlight the tasks and axes of motion in which

patients experienced different head movements than healthy controls.
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Figure 3.

Patients experienced increased Hg motion power relative to control subjects during the
“jumping” and “walking on foam” tasks. (A) lllustration of the “jumping” task. Inset:
Comparison of the root mean square (mean+SD) of the Hg linear acceleration in vertical
dimension during “jumping” task. (B) Population-averaged power spectra with
corresponding 95% confidence intervals (shaded bands) for healthy controls (blue) and
patients (red) for the Hg vertical acceleration superimposed on the power spectra of
individual subjects. Bar plot demonstrates median and quartile values of the normalized
power over the frequency band denoted by the grey shaded area in the power spectra. (C)
Illustration of the “walking on foam with both feet” task. Inset: Comparison of the root
mean square (meanz SD) of the Hg rotational velocity in roll dimension during “walking on
foam with both feet” task. (D) Population-averaged power spectra of the Hg rotational
velocity in roll dimension with corresponding 95% confidence intervals (shaded bands) for
the “walking on foam with both feet” superimposed on the power spectra of individual
subjects. Bar plots demonstrate the median and quartile values of the normalized power over
the frequency band denoted by the grey shaded area in the power spectra. (**: p<0.01, ***:
p<0.001)
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Patients experienced decreased Hg motion power during the “change in gait speed” task of
the FGA. (A) Illlustration of “change in gait speed” task. Inset: Comparison of the root mean
square (meanz+ SD) of the Hg acceleration in all three acceleration dimensions during
“change in gait speed” task. (B) Population-averaged power spectra with corresponding 95%
confidence intervals (shaded bands) for healthy controls (blue) and patients (red) for three
head acceleration axes. Bar plots demonstrate median and quartile values of the normalized
power over the frequency bands denoted by the grey shaded area in the power spectra. (*:

p<0.05)
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Figure 5.
Patients experienced an increase in torso-in-space (Tg) and head-on-torso (Ht) power

relative to control subjects during the “jumping” task, but movement power spectra were
comparable for both subject groups during the “walking on foam” task. (A) Population-
averaged power spectra for healthy controls (blue) and patients (red) for the Tg (left), Hs
(middle), and H (right) vertical acceleration during the “jumping” task superimposed on the
power spectra of individual subjects. Bar plots demonstrate the median and quartile values of
the normalized power averaged over the frequency bands denoted by grey shaded areas in
the power spectra (B) Population-averaged power spectra of the Tg (left), Hg (middle), and
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Hr (right) roll angular velocity with corresponding 95% confidence intervals (shaded bands)
during the “walking on foam” task superimposed on the power spectra of individual
subjects. Bar plots demonstrate the median and quartile values of the normalized power over
the frequency band denoted by grey shaded areas in the power spectra (**: p<0.01).
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Figure 6.
Vestibular patients generated more variable compensatory Hy motion during the “walking on

foam” and “jumping” tasks. (A) 7op: an example of Tg (grey sold), Hg (black solid), and Ht
(grey dashed) bandpass filtered at 20-25Hz; Bottom:. example of a single cycle of bandpass
filtered motion signal. (B) Left: the theoretical manifold that explains the relationship
between Gus, Gyt and Phaseyt The black star represents the perfect G cancellation
corresponding to Gyt = 1 and Phaseyt = 180deg. The center position (cross signs) and
radius of the ovals represent the average and the standard deviation of five hypothetical
distribution on the manifold. Four distributions that result in increased Gng are compared to
a hypothetical reference distribution (grey): H1 (purple) a change (increase or decrease) the
average of Gy, H2 (green) a change the average of PhaseyT, H3 (orange) an increase in the
variability of Gy, and H4 (dark blue) an increase in the variability of the PhasepT. (C) Top:
a comparison of the four hypotheses from (B) for the roll angular velocity from the patients
(red) and healthy controls (blue) for five different frequency bands during the “walking on
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foam” task (meanz SD). Increased head velocity in patients is consistent with the third
hypothesis (H3) in the 10-15 and 20-25Hz frequency bands and fourth hypothesis (H4) for
15-25Hz. Bottorr. illustration of the joint distribution of G and Phaseyt of patients (red)
and healthy controls (blue) in different frequency bands. (D) Comparison of four different
hypotheses for the vertical linear acceleration during the “jumping” task in the 10-15Hz
frequency band. The results are consistent with the third hypothesis (H3) that shows
significantly higher variability in Gy in vestibular patients compared to healthy controls (*:
p<0.05).
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Kurtosis of Head motion (Mean * SD)

Table 1-

Task group Axis of motion  Patients  Healthy controls P
Roll 26.7+16.7 24.2+11.4 0.71
Pitch 1745.73 23.6+£10.5 0.10
Yaw 14.9+7 18.7+9.07 0.30
FGA
Fore-aft 7.23+2.53 7.84+1.99 0.55
Lateral 3.68+0.70 3.93+1.74 0.78
Vertical 6.34+1.15 7.15+2.89 0.44
Roll 7.3£3.67 5.05+2.09 0.11
Pitch 4.05+1.49 4.76+1.8 0.36
Yaw 5.58+1.74 4.43+1.38 0.11
Jumping and Hopping

Fore-aft 4.26+1.7 3.95+1.07 0.63
Lateral 4.68+1.83 3.73+0.611 0.14
Vertical 2.58+0.9 2.58+0.852 0.99
Roll 5.93+2.25 5.41+1.08 0.54
Pitch 5.11+1.16 5.8£2.25 0.4

Yaw 5.06+2.37 4.96+1.59 0.91

Locomoting around cones
Fore-aft 4.6+0.83 4.7+1.18 0.83
Lateral 3.83+1.17 3.82+0.68 0.97
Vertical 7.49+3.02 6.62+2.2 0.47
Roll 5.61+1.81 4.31+1.01 0.064
Pitch 5.53+2.54 5+3.93 0.76
Yaw 6+0.797 5.94+1.91 0.94
Walking on foam

Fore-aft 4.7+1.35 4.41+1.3 0.62
Lateral 3.94+2.2 2.86+0.38 0.11
Vertical 9.12+6.25 6.5+2.04 0.22
Roll 6.92+1.85 6.86+2.78 0.96
Pitch 5.94+1.57 5.28+1.16 0.3

Yaw 8.22+3.47 6.92+1.38 0.31

Dish sorting

Fore-aft 2.93+0.52 2.93+0.44 0.98
Lateral 4.46+1.08 3.91+0.98 0.25
Vertical 4.88+2.22 4.17+1.31 0.39
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