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Introduction: External continuous perturbations using a motion platform have 
been developed by employing either sum-of-sines (SoS) or a pseudorandom 
ternary sequence (PRTS) of numbers to quantify body sway evoked in the 
medial-lateral (ML) or anterior-posterior (AP) directions, which ultimately 
helps understand the human postural control system. These stimuli have been 
provided via pitch tilts of the motion platform for evaluations of AP balance 
responses or roll tilts for ML balance responses. However, little is known about 
whether a healthy postural control system responds to 2-dimensional (2D) 
perturbations similarly when the perturbation stimuli are provided in semicircular 
canal coordinates (i.e., right-anterior/left-posterior (RALP) and left-anterior/
right-posterior (LARP)) versus roll/pitch coordinates. Stimuli provided in either 
set of coordinates were orthogonal in both time and space. Our 2D platform 
perturbations provided in RALP/LARP coordinates will have the potential to 
better assess the contribution of each pair of the vertical semicircular canals 
to postural control for individuals with dysfunction of the vertical semicircular 
canals.
Methods: To address this knowledge gap, we developed four different balance 
perturbation trajectories using sum-of-sines (SoS) signals and simultaneously 
provided those stimuli in (i) roll and pitch, (ii) RALP and LARP, and (iii) roll, pitch, 
RALP, and LARP dimensions. Center of pressure (CoP) data were collected from 
24 healthy participants (40 13 years of age) on a commercially available motion 
platform (Virtualis Motion VR, Perault, France). A discrete Fourier transform (DFT) 
was applied to the CoP data to identify responses at perturbed frequencies (i.e., 
spectral response components).
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Results: We found that ML and AP postural responses were not significantly 
different when the platform perturbations were simultaneously provided in 
RALP/LARP coordinates versus roll/pitch coordinates.
Discussion: This finding suggests that our 2D platform perturbations in RALP/
LARP coordinates allow us (1) to compare ML and AP responses evoked by RALP 
and LARP stimuli to existing literature showing those responses evoked by roll 
and pitch stimuli and (2) to characterize postural responses for individuals with 
sensory deficits to better isolate contributions of the vertical semicircular canals 
to postural control.

KEYWORDS

postural control, balance, posturography, vestibular, pseudorandom perturbations, 
sum of sines, semicircular canals, motion platform

Introduction

Dating back to the original Neurocom platforms (1–3), sway-
referenced tilts of a rigid support surface are a fundamental element 
of the sensory organization test (SOT), which remains a standard 
clinical balance test (4, 5) that is often used for research (2, 6, 7). More 
recently, steady-state sway responses to continuous perturbations 
introduced using either sums-of-sines (SoS) stimuli (8–13) or 
pseudorandom ternary sequence (PRTS) (14–18) stimuli have been 
quantified to provide spectral information about reactive postural 
control (14, 17, 19–24). A standard perturbation approach is to apply 
1-dimensional (1D) pitch stimuli to quantify anterior–posterior (AP) 
sway response (25–31). Less commonly, 1D roll stimuli are also 
provided to quantify medial-lateral (ML) sway response (12, 20, 
32, 33).

Other studies suggest that AP and ML balance response templates 
and muscle synergies (34, 35) exist as part of the nervous system’s 
postural control system (36). By this logic, the nervous system appears 
to maintain separate control of AP balance responses and ML balance 
responses, which are orthogonal to one another in space. The body 
sways in ML differently than in AP to maintain balance, which is 
related to an engineering concept called controllability (37).

We have noted that 1D motion stimuli cannot characterize the 
influence of vestibular impairment on postural control in the 
remaining unperturbed directions (38). While less common than 1D 
stimuli, multiple simultaneous stimuli (i.e., multidimensional stimuli) 
have been used to study reactive balance control (25, 31, 39–43), and 
we recently introduced and tested a multidimensional SOT balance 
test (7) as well as a multidimensional pseudorandom balance 
perturbation test that provided simultaneous roll and pitch 
perturbations of the rigid support surface on which the participant 
stood (38). In our 2D perturbation study, we tilted the support surface 
separately using pseudorandom SoS stimuli in roll or pseudorandom 
SoS stimuli in pitch and compared the AP and ML response 
components to those evoked by simultaneous 2D SoS stimuli designed 
to have separable spectra for roll and pitch. We reported that the 
responses evoked by the 2D tilt of the support surface (i.e., roll and 
pitch together) were generally not different from those evoked by 1D 
tilts of the support surface (roll or pitch on separate trials).

While this study successfully applied spectrally isolated and 
spatially orthogonal tilt stimuli in both roll and pitch directions, these 
multidimensional balance perturbation methods suggest new 
questions—e.g., “In what directions should we apply motion stimuli?” 

and “Might motion stimuli in planes other than roll and pitch 
be beneficial?” This study begins to address such questions.

While balance testing can (and often does) consider the sensory 
contributions of vestibular function to balance (6, 17, 23), vestibular 
testing often focuses exclusively on the contributions (i.e., transduction 
and sensory processing) of vestibular pathways to measured behaviors 
such as the vestibulo-ocular reflexes (VOR). For example, a common 
vestibular test is a head-impulse test (HIT) that assays the VOR 
evoked by head angular velocity impulses (44). These impulses are 
provided about one of three roughly orthogonal axes that provide 
rotations in the planes of the semicircular canals, including (i) yaw 
head rotations in the plane of the lateral semicircular canals, or 
rotations in the plane of (ii) the right-anterior/left-posterior (RALP) 
semicircular canal pair or (iii) the left-anterior/right-posterior (LARP) 
semicircular canal pair (Figure 1). Providing these head rotations in 
the planes of the semicircular canals focuses on the contributions of 
each of these three functional semicircular canal pairs to the VOR.

As one specific clinical example, consider an individual who has 
lost information from the left posterior semicircular canal (i.e., 
functional lesions of the left-posterior canal) but has fully functioning 
right anterior semicircular canal, LARP semicircular canals, and 
lateral semicircular canals. Robust responses from the LARP canals 
would result when roll rotations or pitch rotations are provided 
because the LARP canals respond to both roll and pitch stimuli, which 
have substantive projections onto the functioning LARP canals. On 
the other hand, the LARP semicircular canals would minimally 
respond to rotations in the orthogonal RALP canal plane (45), so a left 
posterior semicircular canal deficit is easy to observe in the VOR 
response when stimuli are provided in RALP/LARP coordinates but 
not as easy to observe when stimuli are provided in roll/pitch 
coordinates. More specifically, the left posterior semicircular canal 
deficit might lead to increasing postural sway in the RALP plane when 
the stimuli are provided in RALP/LARP coordinates while leading to 
increasing postural sway in both the roll and pitch planes when the 
stimuli are provided in roll/pitch coordinates. Providing stimuli in the 
canal coordinates makes sensory deficits easier to observe, which 
relates to an engineering concept called observability (37).

The idea of assessing dynamic behavior in response to RALP/
LARP platform tilts leads to fundamental questions. For example, 
“When performing multidimensional balance perturbation testing, 
should we provide 2D tilt stimuli in roll/pitch coordinates or RALP/
LARP coordinates?” Providing 2D stimuli in RALP/LARP coordinates 
has the benefit of making it easier to observe sensory deficits that arise 

https://doi.org/10.3389/fneur.2025.1638493
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Fujii et al.� 10.3389/fneur.2025.1638493

Frontiers in Neurology 03 frontiersin.org

from the vertical semicircular canals. But, if we provide tilt stimuli in 
the RALP/LARP coordinates, can we quantify the AP responses and 
ML responses evoked by these RALP/LARP stimuli and get results 
that are not different from those obtained if the stimuli had been 
provided in roll and pitch? More specifically, are the AP and ML 
responses evoked by RALP and LARP stimuli significantly different 
from AP and ML responses quantified using 2D stimuli provided as 
roll and pitch for healthy adults? If not significantly different, this 
might allow the application of 2D pseudorandom perturbations in 
RALP/LARP coordinates—making sensory impacts easier to 
measure—while still maintaining assessment of AP and ML response 
components, which would help maintain the ability to quantify 
impacts on known AP and ML motor templates (34, 35).

To address these fundamental questions, we compared AP and 
ML response components when 2D motion stimuli were 
simultaneously provided in roll/pitch coordinates to the AP and ML 
response components evoked when 2D stimuli were simultaneously 
provided in RALP/LARP coordinates. Our hypotheses were: (1) that 
AP and ML responses can be quantified when the 2D stimuli are 
provided in RALP/LARP coordinates and (2) that the AP and ML 
responses are significantly different when the stimuli are provided in 
roll/pitch coordinates versus RALP/LARP coordinates.

These are the fundamental hypotheses studied herein, but, in 
addition, we use these data to address a secondary question. Earlier 
findings have clearly established that responses to balance 
perturbations vary systematically with frequency (15). To help 
establish the sensitivity of the multidimensional perturbation methods 
to small frequency changes, we  evaluated the impacts of small 
frequency changes on the postural responses utilizing 4 different SoS 
signals that include small differences in the frequency at which each 
spectral component appears. The data rejected our hypothesis that 
small frequency changes would not matter because the response 
variability would be greater than the small incremental systematic 
impacts of small frequency effects, suggesting that response variability 
does not mask these subtle influences.

Finally, we  also added a test condition that applied four SoS 
signals in the roll, pitch, RALP, and LARP directions simultaneously. 

We  hypothesized that postural responses would include postural 
responses to each of the four simultaneous SoS perturbations—each 
providing platform stimuli at five different frequencies, which 
proved correct.

In summary, the research questions addressed in this study are 
(1) whether AP and ML responses can be quantified when the 2D 
stimuli are provided in RALP/LARP coordinates, (2) whether the 
AP and ML responses are significantly different when the stimuli 
are provided in roll/pitch coordinates versus RALP/LARP 
coordinates, (3) whether small changes in perturbation frequency 
matter for postural responses, and (4) whether spectral postural 
response components are observed at each of 20 total different 
perturbation frequencies when four SoS perturbations are provided 
in roll, pitch, RALP, and LARP directions simultaneously. Our 
hypotheses are (1) AP and ML responses can be quantified even 
when the 2D stimuli are provided in RALP/LARP coordinates, (2) 
the AP and ML responses are not statistically different regardless if 
the stimuli are provided in roll/pitch coordinates or RALP/LARP 
coordinates, (3) small changes in perturbation frequency does not 
matter for postural responses, (4) spectral postural response 
components can be observed at all perturbed frequencies when the 
stimuli are provided in roll, pitch, RALP, and LARP directions 
simultaneously. The study aims to solidify our anatomically driven 
approach (i.e., RALP and LARP) to balance assessments in healthy 
controls before proceeding to patient assays.

Methods

Generation of the sum-of-sines (SoS) 
signals

SoS signals were delivered to perturb balance simultaneously in 
the roll and pitch directions during Condition (i), simultaneously in 
the RALP and LARP directions during Condition (ii), and in the roll, 
pitch, RALP and LARP directions simultaneously during Condition 
(iii). The roll and pitch signals were orthogonal to one another in both 

FIGURE 1

RALP (right anterior and left posterior) and LARP (left anterior and right posterior) planes of the head (A) and the Virtualis platform (B) are shown. The 
rotation that maximally stimulates the RALP canals (and minimally stimulates the LARP canals) is in the LARP plane as shown. The rotation that 
maximally stimulates the LARP canals (and minimally stimulates the RALP canals) is in the RALP plane as shown.
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time and space. Similarly, the RALP and LARP signals were also 
orthogonal to one another in time and space. During Condition (iii), 
the roll, pitch, RALP and LARP stimuli were each orthogonal in time 
to all other stimuli, but roll and pitch stimuli were, by definition, not 
spatially orthogonal to the RALP and LARP stimuli.

Building on our earlier work that included two simultaneous SoS 
perturbations (38), we  developed four distinct SoS balance 
perturbation trajectories that could be provided simultaneously during 
Condition (iii) as the stimuli for roll, pitch, RALP, and LARP. The 
trajectories used a fundamental frequency of 0.0055 Hz multiplied by 
four groups of interleaved multipliers ([11,59,109,179,241], 
[13,61,113,181,251], [15,71,131,193,263], and [17,67,127,191,257]). 
No multipliers were repeated; each multiplier, except 15, was a prime 
number. Neither of 15’s prime factors (3 or 5) was used; this avoids 
overlapping at higher harmonics, (e.g., 3rd harmonic associated with 
the multiplier 5). Each frequency component was orthogonal in time 
to all other frequency components. Each of these SoS trajectories was 
named to reflect the lowest multiplier (i.e., SoS11, SoS13, SoS15, and 
SoS17). When multiplied by the fundamental frequency, these integer 
sets yielded the following four frequency sets:

	 =  SoS11f 0.0604,0.3241,0.5988,0.9833,1.3239 Hz

	 =  SoS13f 0.0714,0.3351,0.6207,0.9943,1.3788 Hz

	 =  SoS15f 0.0824,0.3900,0.7196,1.0602,1.4447 Hz

	 =  SoS17f 0.0934,0.3680,0.6976,1.0492,1.4117 Hz

The four steady-state SoS displacement trajectories were generated 
by summing sinusoidal signals. For example, the following equation 
was used to generate the SoS11 trajectory:

	 ( ) ( )π
=

= +∅∑5
11 11, 11, 11,1 sin 2i SoS i SoS iiSoS t A f t

In this equation, t  represents time, 11,iA is the ith amplitude, 11,if
is the ith frequency, and ∅11,i is the ith phase value. These equations 
resulted in four SoS trajectories having interleaved, spectrally 
separated perturbation frequencies. Supplementary material shows 
the other three equations used to generate the rest of the trajectories 
(i.e., SoS13, SoS15, and SoS17).

The phase values were determined via a systematic search using 
one-degree phase increments between 0 and 359° to minimize 
differences in the peak-to-peak amplitude of the four trajectories while 
keeping the velocity spectral magnitude constant across all frequencies 
(Table 1). The magnitude was scaled so that SoS13 had a peak-to-peak 
amplitude of 1 deg. This yielded a 0.17°/s spectral velocity magnitude 
for each of the 5 frequency components. For the other trajectories, 
we  maintained the magnitude of each spectral velocity component 
constant across all perturbation frequencies. This angular velocity 
magnitude was chosen based on Peterka (15) to make the task difficult 
while allowing participants to complete our test trials. This yielded peak-
to-peak displacement amplitudes of 1.1051 deg. for the SoS11 signal, 
0.9592 deg. for the SoS15 signal, and 0.8948 deg. for the SoS17 signal. 
These four trajectories each had the exact same velocity magnitude of 
0.17 deg./s at each of their five disturbance frequencies (Figure 2B).

We shifted the signals in time to begin motion at a displacement 
zero-crossing to minimize transients that otherwise might unduly 
perturb subjects at the beginning of the trial. Table  1 shows the 
original phase as well as the shifted phase values of SoS11, SoS13, SoS15, 
and SoS17 at each individual frequency.

We used a commercially available device (Virtualis MotionVR) to 
provide the platform tilt perturbations. The steady-state perturbation 
was designed to have a duration of 182.0444 s yielded by 16,384 (214) 
points at the Virtualis platform’s sampling/refresh rate of 90 Hz. To 
allow the postural response to reach steady-state prior to the start of 
this steady-state cycle, 20s of stimuli identical to the last 20s of the 
steady state waveforms were added before the steady state waveform. 
We  also added a 0.2 s ramp-up phase before the 20s steady state 
waveforms to minimize sudden motions that could potentially disturb 

TABLE 1  The frequency, magnitude, and phase used to create each of the SoS time series are shown.

Frequency 
(Hz)

Magnitude 
(deg)

∅o  (deg) ∅s  (deg) Frequency 
(Hz)

Magnitude 
(deg)

∅o  (deg) ∅s  (deg)

SoS11 SoS13

f1 0.0604 0.4483 0 −90.75 0.0714 0.3793 0 72.27

f2 0.3241 0.0836 243 −112.8 0.3351 0.0808 230 −150.9

f3 0.5988 0.0452 184 −27.95 0.6207 0.0436 336 −115.8

f4 0.9833 0.0275 246 −52.52 0.9943 0.0272 333 −100.8

f5 1.3239 0.0205 90 −130.9 1.3788 0.0196 241 −163.6

SoS15 SoS17

f1 0.0824 0.3287 0 −96.00 0.0934 0.2900 0 −108.24

f2 0.3900 0.0694 110 −80.39 0.3680 0.0736 101 13.24

f3 0.7196 0.0376 112 −102.3 0.6976 0.0388 224 −55.18

f4 1.0602 0.0255 230 26.82 1.0492 0.0258 283 −128.37

f5 1.4447 0.0187 110 54.96 1.4117 0.0192 130 −23.94

∅o represents the original phase value used to create the SoS signals. ∅s represents the shifted phase value calculated from the actual signal following a time-shift to start the steady-state of 
each of the SoS trajectories at a position zero-crossing.
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our subjects or their responses. Since the steady-state cycle was 
repeated just once, the total perturbation duration was 202.2444 s for 
all trials. Supplementary Figure S1 shows example position and time 
trajectories. A custom Matlab script used to generate the waveforms 
is available on request.

Test procedures

We collected postural response data from 24 healthy participants. 
A custom script written in Matlab first generated the SoS time series 
and the resultant CSV files were imported into the Virtualis MotionVR 
Research software to deliver platform perturbations. No passive head 
movements were applied, which leads platform perturbations to 
stimulate a human postural control system that includes vestibular, 
proprioceptive, and visual sensors. Center of pressure (CoP) data were 
collected by two embedded force plates at a sampling rate of 90 Hz.

All of the participants completed 6 trials per day on each of two 
separate days—yielding 12 trials in total for each subject (Table 2) (i.e., 
no dropouts). The two test days were separated by more than 1 day but 
less than 18 days. See Supplementary Figure S2 for more details. All 
but one participant completed the testing within 9 days. 
We randomized the order of the 12 trials to mitigate order effects. A 
different combination of SoS perturbation signals (e.g., SoS11 and 
SoS13) was used for each trial. Participants are allowed up to three 
attempts if an incomplete trial occurs (e.g., touching the safety rail 
around the Virtualis or taking a step). No incomplete trials occurred 
in this cohort, so all participants experienced each trial once. 
Participants’ feet were bare, with the outside edge of feet separated by 
28 cm to mimic the standard Sensory Organization Test (SOT) 
conditions that are widely used in clinics. Arms were crossed with 
hands on shoulders. Participants were asked to close their eyes. 
Participants wore a virtual reality headset (HTC VIVE) that showed a 
dark screen to eliminate visual cues if a participant opened their eyes. 

Prior to testing, participants were instructed to stand as still as possible 
without any extra motions to avoid active movements (e.g., at the head, 
knee, and hip) that are not induced by platform perturbations or 
verbal responses. The VR headset has an IMU sensor that records 3D 
head linear positions and 3D head angular positions. Each participant 
was asked to rest at least 1 min between trials to minimize fatigue.

Participants

The present study was approved by The Ohio State University 
Institutional Review Board. Prior to testing, all participants 
provided their written informed consent to participate in the 
study. Twenty-four healthy participants including 12 males and 12 
females participated in the study. The age range of the participants 

FIGURE 2

The displacement magnitude (A) and velocity magnitude (B) of the sum of sines (SoS11, SoS13, SoS15, and SoS17) trajectories at individual perturbation 
frequencies.

TABLE 2  The SoS trajectories selected for motion stimuli in each trial.

Roll Pitch RALP LARP

(i)-1 SoS11 SoS15 – –

(i)-2 SoS13 SoS17 – –

(i)-3 SoS17 SoS11 – –

(i)-4 SoS15 SoS13 – –

(ii)-1 – – SoS13 SoS17

(ii)-2 – – SoS11 SoS15

(ii)-3 – – SoS15 SoS13

(ii)-4 – – SoS17 SoS11

(iii)-1 SoS11 SoS15 SoS13 SoS17

(iii)-2 SoS13 SoS17 SoS11 SoS15

(iii)-3 SoS17 SoS11 SoS15 SoS13

(iii)-4 SoS15 SoS13 SoS17 SoS11
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was 21–65 yr (40.3 ± 13.1 years). To qualify as a healthy normal 
participant, strict criteria intended to eliminate conditions that 
might affect normal vestibular function or standing balance were 
assessed by a health questionnaire as a part of a central registry. 
These exclusion criteria included neurological disorders such as 
neurodegenerative disease, peripheral neuropathy, epilepsy, 
traumatic brain injury, or prior stroke; active vestibular disorders 
such as vestibular migraine, persistent postural-positional 
dizziness, Ménière disease, prior acute vestibular syndrome with 
peripheral vestibular loss, vestibular areflexia, or unresolved 
benign paroxysmal positional vertigo; orthopedic impairments 
affecting standing such as orthopedic injuries or impairments of 
the lower extremities; and active ongoing medical conditions 
(recent surgery, severe heart disease or pulmonary disease, 
and cancer).

Postural analyses

We analyzed CoP data using Matlab R2024a. The first 20s of data 
for each trial were eliminated to remove the transient response at the 
onset of the perturbation. Each remaining CoP signal, having 16,384 
data points representing 182.044 s was shifted to have zero mean and 
filtered using a zero-phase 2nd order Butterworth low-pass filter with 
a cut-off frequency of 20 Hz.

To estimate RALP and LARP CoP sway, ML and AP CoP were 
rotated 45 degrees clockwise using the following equations.

	

( )
( )

( )
( )

° °

° °

 −   
 =   
        

cos45 sin45

sin45 cos45
LARP ML

RALP AP

CoP t CoP t
CoP t CoP t

A discrete Fourier transform (Matlab, fft.m) was applied to 
ML, AP, RALP, and LARP CoP signals and to roll, pitch, RALP 
and LARP perturbation signals. The complex numbers resulting 
from the discrete Fourier transform (DFT) were divided by the 
length of the data points (N = 16,384). The first half of the 
two-sided spectrum was removed, and the positive spectrum was 
multiplied by 2 to convert each two-sided amplitude spectrum to 
a single-sided amplitude spectrum. We used frequency response 
functions (FRF) to describe the sensitivity and phase of the CoP 
response relative to the tilt perturbation as a function of frequency. 
The FRF values are determined by dividing the complex DFT of 
the CoP by the complex DFT of the platform tilt angles 
( 11 13 15 17, , ,andSoS SoS SoS SoS ) at each of the five individual 
perturbation frequencies:
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We calculated the sensitivity (units of mm/degree) of the CoP 
postural response by calculating the magnitude of these FRF values at 
each frequency. Sensitivity is a non-negative value, and phase 
estimated via the frequency response functions is limited to a range 
between −180° and 180°. Phase values beyond °±180  were calculated 
using the unwrap function in Matlab.

Additionally, we calculated time domain metrics—the root 
mean square distance (RMSD) and the mean velocity of the ML, 
AP, RALP, and LARP CoP in each of the 12 conditions [(i)1–4, 
(ii)1–4, and (iii)1–4]. The ML, AP, RALP, and LARP RMSD were 
calculated by taking the root mean square distance of the zero-
mean, low-pass filtered CoP signals. The ML, AP, RALP, and 
LARP mean velocity were determined by dividing the total 
distance by the duration of the trial.

Statistical analyses

For the time domain metrics – RMSD and mean velocity – 
we  first performed eight sets of two-way repeated measures 
MANOVA to evaluate the effects of Condition (i, ii, iii) and Trial 
[e.g., (i)-1, (i)-2, (i)-3, and (i)-4] on the eight metrics that include 
RMSD and mean velocity in ML, AP, RALP, and LARP directions. 
Bonferroni-corrected pairwise comparisons were next performed 
to further examine differences across all 12 trials (3 conditions x 
4 trials each). We then pooled the four trials within each condition 
and performed Bonferroni-corrected pairwise comparisons to 
evaluate condition-level differences.

For the spectral responses, Hotelling T-squared tests were 
used to determine whether spectral responses observed at 
perturbed frequencies were significantly different from zero. This 
helps demonstrate that those spectral responses are 
distinguishable from the remnant. We next performed four sets 
of four-way repeated measures MANOVA using real and 
imaginary components for ML, AP, RALP, and LARP frequency 
response functions (FRFs) that described the sensitivity and 
phase of CoP postural responses relative to the stimulus. For 
one-sample comparisons, we  performed Hotelling T-squared 
tests using the real and imaginary parts of each FRF’s complex 
values. When comparing two different frequency sets, 
we calculated the 2-dimensional difference (i.e., the difference 
between real and the difference between imaginary components) 
between the two responses at each of the 5 perturbation 
frequencies. To address multiple comparisons, we applied both a 
commonly used Bonferroni correction to control the family-wise 
error rate by adjusting the significance level α from 0.05 to 0.05 
divided by the number of comparisons, and the 
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Benjamini-Hochberg (B-H) procedure to control the false 
discovery rate at q = 0.05, to mitigate the conservatism of the 
Bonferroni  
correction.

Results

While the focus of this paper is on the frequency response 
functions (FRFs), we  begin by presenting some traditional time-
domain metrics and then present our primary frequency domain 
results. Supplementary Figure S3 shows exemplary raw traces of CoP 
ML and AP.

Root mean square distance and mean 
velocity

Repeated measures MANOVA revealed significant effects of 
Condition [e.g., (i), (ii), and (iii)] and Trial [e.g., (i)-1, (i)-2, (i)-3, and 
(i)-4] on Root mean square distance (RMSD) (Condition: p < 0.001, 
Trial: p < 0.001) and mean velocity (Condition: p < 0.001, Trial: 
p = 0.038). We also found a significant interaction effect of Condition 
and Trial on RMSD (p < 0.001) but not mean velocity (p = 0.62). 
Supplementary Tables S1, S2 show F-values and p-values that indicate 
the significant main effects and interaction effects of Condition and 
Trial on RMSD and Mean Velocity.

Further Bonferroni corrected pairwise comparisons found a 
significant difference between Condition (i) vs. (iii) (p < 0.001) and 
Condition (ii) vs. (iii) (p < 0.001) for both RMSD and mean velocity, 
which is shown in Figure  3. The asterisks delineate statistically 
significant differences (p < 0.05). The pairwise comparisons showed 
no significant differences among the four trials in mean velocity but 
indicated a significant difference between Trial 1 vs. 3 in ML RMSD 

and Trial 1 vs. 4 in LARP RMSD but not one of the other 22 trial 
comparisons of RMSD. The peak-to-peak amplitudes for Condition 
(iii) are larger than those for Condition (i) and (ii), so it was expected 
that Condition (iii) would evoke larger postural responses than 
Condition (i) or (ii) in all the directions. Peak-to-peak displacement 
was roughly 50% greater for Condition (iii) (range: 1.53° to 2.09°) 
than for Condition (i) and Condition (ii) (range 0.89° to 1.40°); peak-
to-peak amplitudes for Condition (i) and Condition (ii) were about 
the same. Supplementary Table S3 provides the peak-to-peak 
amplitudes of the stimuli delivered during the four trials in the 
three conditions.

Supplementary Figure S4 provides box-and whisker plots that 
show RMSD and mean velocity of the CoP responses for all of the 
subjects and for all the trials for each condition. We pooled the four 
trials in each condition as the differences between trials were 
inconsistent. Figure 3 shows box- and whisker plots of the average 
RMSD (Figure 3A) and mean velocity (Figure 3B) of ML, AP, RALP, 
and LARP CoP responses across the four trials for each condition 
[e.g., (i)-1, (i)-2, (i)-3, and (i)-4]. Bonferroni corrected pairwise 
comparisons, performed using a paired t-test, confirmed that both 
RMSD and mean velocity were significantly larger for Condition 
(iii) when roll, pitch, RALP, and LARP perturbations were provided 
simultaneously versus Condition (i) when just roll/pitch stimuli 
were provided and Condition (ii) when just RALP/LARP stimuli 
were provided in separate trials (p < 0.0001). No significant 
differences were observed when comparing RMSD or mean velocity 
responses evoked by roll/pitch stimuli [Condition (i)] to those 
evoked by RALP/LARP stimuli [Condition (ii)) (p > 0.23].

Spectral responses

Figure 4 shows the average ML, AP, RALP, and LARP CoP sway 
spectral response across the 24 subjects for the roll/pitch condition 

FIGURE 3

The box-and whisker plots show the distribution of RMSD (root mean square distance) (A) and MVELO (mean velocity) (B) across the 24 subjects. Boxes 
show 25th to 75th percentile. The horizontal line that splits the box shows the median and the lines that extend from the box show the range of the 
data. The dots that appear past the ends of whiskers represent outliers. The three colors delineate the three conditions. The asterisks delineate 
statistically significant differences (p < 0.05). Horizontal brackets show that across all RMSD and MVELO parameters, Condition (iii) was significantly 
different from Conditions (i) and (ii) (p < 0.0001), while Conditions (i) and (ii) were not significantly different from each other (p > 0.23).
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(i)-1 (i.e., when provided SoS11 for roll and SoS15 for pitch). Consistent 
with previous literature (38), ML CoP spectral peaks were observed at 
each of the five frequencies for the roll tilt stimuli (Figure 4A); ML 
sway at each of the roll perturbation frequencies were the predominant 
response components. Similarly, AP CoP spectral peaks were observed 
at each of the five frequencies for the pitch tilt stimuli (Figure 4B); AP 
sway at each of the pitch perturbation frequencies were the 
predominant response components. These spectral peaks were clearly 
distinguishable from one another in the frequency domain. RALP and 
LARP CoP spectral magnitudes each show 10 response components 
during this roll/pitch condition. This is a direct outcome of the fact 
that the RALP/LARP coordinates are rotated 45 degrees from the roll/
pitch coordinates, so RALP spectral peaks were observed at each of 
the five frequencies for both roll tilt stimuli and pitch tilt stimuli 
(Figure 4C); similarly, LARP spectral peaks were observed at each of 
the five frequencies for both roll tilt stimuli and pitch tilt stimuli 
(Figure 4D).

Hotelling T-squared tests found that the spectral peaks observed 
at each perturbation frequency (i.e., ML for roll stimuli, AP for pitch 
stimuli, RALP for roll and pitch stimuli, and LARP for roll and pitch 
stimuli) were significantly different than zero (p < 0.0001). See 
Supplementary Table S4 for more details.

Figure 5 shows the average ML, AP, RALP, and LARP CoP sway 
spectral magnitude across the 24 subjects for RALP/LARP condition 
(ii)-1 (i.e., when provided SoS13 for RALP and SoS17 for LARP). 
RALP spectral peaks were observed at each of the five frequencies 
for the RALP tilt stimuli (Figure 5C); sway in the RALP plane at each 

of the RALP perturbation frequencies were the predominant 
response components (Figure  5C). LARP spectral peaks were 
observed at each of the five frequencies for the LARP tilt stimuli 
(Figure  5D); sway in the LARP plane at each of the LARP 
perturbation frequencies were the predominant response 
components (Figure 5D). The RALP and LARP spectral peaks were 
distinguishable from one another. Analogous to the RALP and LARP 
responses shown above (Figure 4) for roll and pitch stimuli, ML 
(Figure 5A) and AP (Figure 5B) CoP spectral magnitudes each show 
10 response components—one for each of the RALP and LARP 
perturbation frequencies.

Although the primary focus of the study was CoP measurements, 
Supplementary Figure S5 shows spectral head RALP and LARP 
response components at RALP and LARP frequencies. RALP head 
response components were statistically larger than LARP head 
response components at all RALP frequencies (p < 0.0001); LARP 
head response components were statistically larger than RALP head 
response components at all LARP frequencies (p < 0.0001). This 
suggests that RALP/LARP platform perturbations evoke head motions 
in the perturbed directions.

Hotelling T-squared tests found that the spectral peaks observed 
at each perturbation frequency (i.e., ML for RALP and LARP stimuli, 
AP for RALP and LARP stimuli, RALP for RALP stimuli, and LARP 
for LARP stimuli) were significantly different than zero (p < 0.0001). 
See Supplementary Table S4 for more details.

Figure 6 shows the average ML, AP, RALP, and LARP CoP sway 
spectral magnitude across the 24 subjects for RALP/LARP condition 

FIGURE 4

The power spectra plots show the average magnitude of the spectral response of CoP (center of pressure) in the ML (medial-lateral) (A), AP (anterior–
posterior) (B), RALP (right anterior and left posterior) (C), and LARP (left anterior and right posterior) (D) planes across the 24 subjects when SoS11 was 
provided for roll and SoS13 was provided for pitch [i.e., Condition (i)-1]. Different asterisk colors delineate CoP sway in response to roll (orange) and 
pitch (yellow) stimuli.
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FIGURE 5

The power spectra plots show the average magnitude of the spectral response of CoP (center of pressure) in the ML (medial-lateral) (A), AP (anterior–
posterior) (B), RALP (right anterior and left posterior) (C), and LARP (left anterior and right posterior) (D) planes across the 24 subjects when SoS13 was 
provided for RALP and SoS17 was provided for LARP [i.e., Condition (ii)-1]. Different asterisk colors delineate CoP sway in response to RALP (purple) and 
LARP (green) stimuli.

FIGURE 6

The power spectra plots show the average magnitude of the spectral response of CoP (center of pressure) in the ML (medial-lateral) (A), AP (anterior–
posterior) (B), RALP (right anterior and left posterior) (C), and LARP (left anterior and right posterior) (D) planes across the 24 subjects when SoS11 was 
provided for roll and SoS15 was provided for pitch, SoS13 was provided for RALP, and SoS17 was provided for LARP [i.e., Condition (iii)-1]. Different asterisk 
colors delineate CoP sway in response to roll (orange), pitch (yellow), RALP (purple), and LARP (green) stimuli.
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(iii)-1 (i.e., when SoS11 was provided for roll, SoS15 was provided for 
pitch, SoS13 was provided for RALP, and SoS17 was provided for 
LARP). ML spectral peaks were observed at each of the roll, RALP, 
and LARP perturbation frequencies (Figure 6A); AP spectral peaks 
were observed at each of the pitch, RALP, and LARP perturbation 
frequencies (Figure 6B). Similarly, RALP spectral peaks were observed 
at each of the RALP, roll, and pitch perturbation frequencies 
(Figure 6C); LARP spectral peaks were observed at each of the LARP, 
roll, and pitch perturbation frequencies (Figure  6D). Each CoP 
spectral magnitude shows 15 response components at three sets of five 
perturbation frequencies in the directions described above. This 
demonstrates that spectral postural response components were 
observed at each perturbation frequency—except for responses that 
were spatially orthogonal to the stimuli (e.g., AP responses to roll 
stimuli or RALP responses to LARP stimuli)—when four SoS 
perturbations are provided in roll, pitch, RALP, and LARP 
directions simultaneously.

Hotelling T-squared tests found that the spectral peaks observed 
at each perturbation frequency (i.e., ML for roll, RALP, and LARP 
stimuli, AP for pitch, RALP, and LARP stimuli, RALP for RALP, roll, 
and pitch stimuli, and LARP for LARP, roll, and pitch stimuli) were 
significantly different than zero (p < 0.0001). See 
Supplementary Table S4 for more details.

Sensitivity and phase

Figures 7, 8 show the sensitivity (left, y-axis) and phase (right, 
y-axis) of the CoP spectral response relative to the perturbation 

stimuli in the ML, AP, RALP, and LARP planes. Consistent with earlier 
reports (15), (1) the sensitivity increased with increasing perturbation 
frequency for the low to mid-frequency range (0.06–0.70 Hz) and 
reached a plateau for the high-frequency range (0.70–1.42 Hz), and 
(2) phase lag increased with increasing perturbation frequency. The 
sensitivity of CoP RALP and LARP in response to roll stimuli is a little 
lower than the sensitivity in response to pitch stimuli at the 
low-frequency range (0.06–0.50 Hz) but a little higher at the mid to 
high-frequency range (0.50–1.42 Hz) (Figures 7C,D). The sensitivity 
of CoP ML and AP in response to RALP stimuli is slightly lower than 
the sensitivity in response to LARP stimuli in the low-frequency range 
(0.06–0.50 Hz) but slightly higher in the mid to high-frequency range 
(0.50–1.42 Hz) (Figures 8A,B). Supplementary Figure S6 shows the 
sensitivity and phase plots for Condition (iii).

The real and imaginary components of ML, AP, RALP, and LARP 
spectral responses were evaluated using a four-way repeated measures 
MANOVA to find a difference when the stimuli were provided in roll/
pitch coordinates versus RALP/LARP coordinates. The four factors 
were (1) the three stimulus directions that were not orthogonal to the 
response direction (e.g., roll, RALP, and LARP tilts, but not pitch tilt, 
for the ML response), (2) the four sets of perturbation frequencies 
(i.e., SoS11, SoS13, SoS15, and SoS17), (3) the five frequencies for each set 
(i.e., f1, f2, f3, f4, and f5), and (4) the three test conditions (i.e., roll/pitch 
only, RALP/LARP only, and simultaneous roll/pitch + RALP/LARP 
conditions). Mauchly’s test indicated the sphericity assumption was 
invalid. While some statistically significant differences were observed, 
a clear pattern of differences was not evident. See 
Supplementary Table S5 for details. That some differences were 
statistically significant, alongside violation of the sphericity 

FIGURE 7

The plots show the sensitivity (left y-axis) and phase (right y-axis) of the CoP (center of pressure) response in the ML (medial-lateral) (A), AP (anterior–
posterior) (B), RALP (right anterior and left posterior) (C), and LARP (left anterior and right posterior) (D) planes versus perturbation stimulus frequency 
for Condition (i) with SoS11 provided for roll and SoS15 provided for pitch. Error bars show 95% confidence intervals. Different asterisk colors delineate 
the average sensitivity of CoP sway in response to roll (orange) and pitch (yellow) stimuli.
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assumption, encouraged additional statistical evaluation of these data 
using more refined analyses, Hotelling’s T-squared analyses with 
Bonferroni correction and the Benjamini-Hochberg (BH) procedure, 
which follow.

Roll/pitch stimuli and RALP/LARP stimuli 
evoke similar AP, ML, RALP, and LARP 
responses

Simultaneous roll/pitch/RALP/LARP stimuli (160 
comparisons)

The top panels of Figure 9 show the average frequency response 
functions in the complex plane across the 24 healthy subjects when 
the simultaneous roll/pitch/RALP/LARP stimuli [i.e., Condition 
(iii)] were provided. The radius of the complex number 

( = +2 2r a b  for the complex number is +a bi ) represents the 

sensitivity (mm/deg) of the postural response relative to the 
stimulus. The angle of the complex number represents the phase 
( ( )∅ = 2 ,atan b a ), where atan2 is the 4-quadrant arc tangent of the 
postural response relative to the stimulus. The frequency response 
functions spiral clockwise with increasing perturbation frequency. 
These plots show the real and imaginary components of the 
responses, which will be used for the Hotelling’s T-squared analyses 
that follow. Specifically, we performed a Hotelling’s T-squared test 
to compare:

	(a)	 ML sway evoked by roll stimuli versus RALP stimuli,

	(b)	 ML sway evoked by roll stimuli versus LARP stimuli,
	(c)	 AP sway evoked by pitch stimuli versus RALP stimuli,
	(d)	 AP sway evoked by pitch stimuli versus LARP stimuli,
	(e)	 RALP sway evoked by RALP stimuli versus roll stimuli,
	(f)	 RALP sway evoked by RALP stimuli versus pitch stimuli,
	(g)	 LARP sway evoked by LARP stimuli versus roll stimuli, and
	(h)	 LARP sway evoked by LARP stimuli versus pitch stimuli.

After calculating the discrete Fourier transform, we took the vector 
difference between the real and imaginary components of the two spectra 
(e.g., normalized ML sway in response to roll stimuli minus normalized 
ML sway in response to RALP stimuli) at each stimulation frequency for 
each participant. The above 8 conditions (a through h) x 4 SoS signals x 5 
frequencies yielded 160 Hotelling’s T-squared comparisons in total. 
Without correcting for multiple comparisons, we found 26 significant 
differences (p < 0.05). Bonferroni correction and the Benjamini-
Hochberg (BH) procedure found no significant difference between any 
of these 160 postural response components. To provide context for later 
results, Table  3 shows the 10 lowest uncorrected p-values and the 
associated BH critical values.

Stated differently, when roll/pitch/RALP/LARP stimuli were 
provided simultaneously, we found: (1) that ML postural responses to 
roll stimuli were not significantly different from ML responses to 
RALP or LARP stimuli, (2) that AP postural responses to pitch stimuli 
were not significantly different from AP responses to RALP or LARP 
stimuli, (3) that RALP postural responses to RALP stimuli were not 
significantly different from RALP responses to roll or pitch stimuli, 
and (4) that LARP postural responses to LARP stimuli were not 
significantly different from LARP responses to roll or pitch stimuli.

FIGURE 8

The plots show the sensitivity (left y-axis) and phase (right y-axis) of the CoP (center of pressure) response in the ML (medial-lateral) (A), AP (anterior–
posterior) (B), RALP (right anterior and left posterior) (C), and LARP (left anterior and right posterior) (D) planes versus perturbation stimuli frequency for 
Condition (ii) with SoS13 provided for RALP and SoS17 provided for LARP. Error bars show 95% confidence intervals. Different asterisk colors delineate the 
average sensitivity of CoP sway in response to RALP (purple) and LARP (green) stimuli.
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Roll/pitch stimuli and RALP/LARP stimuli 
provided on separate trials (160 comparisons)

The bottom panels of Figure 9 show the average frequency 
response functions in the complex plane across the 24 healthy 
subjects when the 2D roll/pitch stimuli [i.e., Condition (i)] were 
provided on separate trials than the 2D RALP/LARP stimuli (i.e., 
Condition (ii)). The frequency response functions again spiral 
clockwise with increasing perturbation frequency. Our Hotelling’s 
T-squared analyses of these data mimicked the analyses presented 
in the previous section where the roll, pitch, RALP, and LARP 
stimuli were all presented simultaneously. Hotelling’s T-squared 
testing yielded 31 significant differences (p < 0.05) out of 160 
comparisons. A Bonferroni correction and the BH procedure 

each yield one (by definition, the same) significant difference—
the LARP response to roll stimuli yielded a significantly different 
LARP response than evoked by the LARP stimuli at 1.4465 Hz 
(f5) for the SoS15 (p < 0.0003). We explicitly note that not one of 
the other three frequency sets (i.e., SoS11, SoS13, and SoS17) 
showed a significant difference for this same condition following 
the BH procedure. To provide context for later results, Table 4 
shows the 10 lowest uncorrected p-values and the associated BH 
critical values. The five lowest p-values were all found at f5, the 
highest frequency.

In summary, these results (i.e., when the 2D roll/pitch stimuli were 
provided on different trials than the 2D RALP/LARP stimuli) appear 
similar to results when roll/pitch/RALP/LARP stimuli were provided 

FIGURE 9

The average frequency response functions of CoP (center of pressure) (A) ML (medial-lateral), (B) AP (anterior–posterior), (C) RALP (right anterior and 
left posterior), and (D) LARP (left anterior and right posterior) in the complex plane across the 24 subjects (top) when simultaneous roll/pitch/RALP/
LARP stimuli were provided using SoS11 [i.e., Condition (iii)] and (bottom) when roll/pitch stimuli [i.e., Condition (i)] were provided using SoS11 on 
separate trials than RALP/LARP stimuli [i.e., Condition (ii)]. Different asterisk colors delineate the average frequency responses to roll (orange), pitch 
(yellow), RALP (purple), and LARP (green) stimuli. All plots spiraled clockwise with increasing frequency. See Supplementary Figures S7–S9 for more 
details using SoS13, SoS15, and SoS17.

TABLE 3  The 10 lowest p-values of 160 comparisons (a) through (h) during simultaneous roll/pitch/RALP/LARP stimuli [i.e., Condition (iii)] are listed.

p-value BH Response Stimuli Frequency Set

1 0.0024 0.0003 RALP (f) RALP vs. pitch f1 SoS13

2 0.0063 0.0006 RALP (f) RALP vs. pitch f3 SoS13

3 0.0078 0.0009 LARP (h) LARP vs. pitch f2 SoS13

4 0.0079 0.0013 RALP (f) RALP vs. pitch f5 SoS13

5 0.0088 0.0016 LARP (g) LARP vs. roll f2 SoS11

6 0.0112 0.0019 AP (c) pitch vs. RALP f2 SoS11

7 0.0117 0.0022 RALP (f) RALP vs. pitch f4 SoS15

8 0.0142 0.0025 AP (d) pitch vs. LARP f1 SoS17

9 0.0154 0.0028 LARP (g) LARP vs. roll f2 SoS15

10 0.0169 0.0031 ML (b) roll vs. LARP f2 SoS13

By definition, the familiar, though conservative, Bonferroni correction equals the first BH value, which is 0.0003 for this analysis. For context, response direction analyzed, stimuli compared, 
frequency, and SoS test set are also listed.

https://doi.org/10.3389/fneur.2025.1638493
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Fujii et al.� 10.3389/fneur.2025.1638493

Frontiers in Neurology 13 frontiersin.org

simultaneously. Specifically, we found that ML, AP, RALP, and LARP 
postural responses were not significantly different when the 2D stimuli 
were provided in roll/pitch coordinates versus RALP/LARP coordinates.

Small frequency shifts associated with our 
different SoS frequency sets yield 
significant differences in postural 
responses

Earlier publications, as well as our data (Figures 7, 8), clearly 
establish that responses to balance perturbations vary 
systematically with frequency (11, 15, 38). Nevertheless, to help 
establish the sensitivity of these methods to small frequency 
changes and to tell if we can directly compare responses at nearby 
individual frequencies across our four different stimuli sets (SoS11, 
SoS13, SoS15, SoS17), we evaluated the impacts of small frequency 
changes on the postural responses utilizing the four SoS signals 
described in detail in the methods (Figure 2). Using formatting 
similar to Figure  9, Figure  10 shows the average frequency 
response functions of ML, AP, RALP and LARP CoP sway in the 
complex plane at the five perturbation frequencies for SoS11, SoS13, 
SoS15, and SoS17 when provided as: (i) roll/pitch only, (ii) RALP/
LARP only, and (iii) roll/pitch/RALP/LARP. The data 
demonstrates distinct separations for the different sets of the five 
perturbation frequencies.

Analogous to earlier analyses, 240 comparisons were 
performed using Hotelling’s T-squared test to investigate how 
those four specific frequency sets (SoS11, SoS 13, SoS 15, and SoS 17) 
and their five frequencies (f1 through f5) affect ML, AP, RALP, and 
LARP CoP sway. After calculating the discrete Fourier transform, 
we  took the vector difference between the real and imaginary 
components of the two spectra for each stimulation frequency for 
each participant and performed a Hotelling’s T-square test to 
compare CoP in response to (aa) SoS11 and SoS13, (bb) SoS11 and 
SoS15, (cc) SoS11 and SoS17, (dd) SoS13 and SoS15, (ee) SoS13 and 
SoS17, and (ff) SoS15 and SoS17. This yielded 60 comparisons (each 
of 6 SoS stimuli comparisons x each of 5 frequencies x each of 2 
response directions) for (i) roll/pitch only, 60 comparisons for (ii) 

RALP/LARP only, and 120 comparisons for (iii) roll/pitch/RALP/
LARP (each of 6 SoS stimuli comparisons x each of 5 frequencies 
x each of 4 response directions), which means 240 comparisons in 
total. Hotelling’s T-squared test found 168 significant differences. 
Bonferroni correction yielded 75 significant differences, which is 
31.25% of the p-values, and the B-H procedure yielded 145 
significant differences, which is 60.41% of the p-values. Table 5 
shows the 10 lowest original p-values and the individual p-values’ 
BH critical values. Specifically, we  found that small frequency 
shifts between (aa) SoS11 and SoS13, (bb) SoS11 and SoS15, (cc) SoS11 
and SoS17, (dd) SoS13 and SoS15, (ee) SoS13 and SoS17, and (ff) SoS15 
and SoS17 yielded significant differences in postural responses.

Stated briefly, when comparing responses at distinct 
frequencies from our four perturbation trajectories that were 
separated by 0.0110–0.1208 Hz (i.e., relatively small differences in 
perturbation frequencies), we  found statistically significant 
differences for the majority of these comparisons. Since we already 
knew that postural responses vary with frequency, the finding that 
the majority of comparisons yielded significant differences helps 
establish the sensitivity of these Hotelling’s T-squared methods to 
detect even subtle differences associated with small changes in 
perturbation frequency, which bolsters the absence of significant 
differences reported above in the section entitled “Roll/Pitch 
stimuli and RALP/LARP stimuli evoke similar AP, ML, RALP, and 
LARP responses.”

Future studies with larger sample sizes could help verify these 
findings and improve the reliability and precision of effect 
size estimates.

Discussion

In this study, we recruited 24 healthy participants to measure 
changes in the CoP evoked by pseudorandom SoS platform 
perturbations to characterize reactive balance in three conditions. In 
Condition (i), we provided two distinct balance perturbation stimuli 
that were orthogonal in both time and space in the roll and pitch tilt 
motion dimensions. In Condition (ii), we  provided two distinct 
balance perturbation stimuli that were orthogonal in both time and 

TABLE 4  The 10 lowest p-values of 160 comparisons (a) through (h) when the roll/pitch stimuli [i.e., Condition (i)] and the RALP/LARP stimuli [i.e., 
Condition (ii)] were provided on separate trials.

p-value BH Response Stimuli Frequency Set

1 0.0001 0.0003 LARP (g) LARP vs. roll f5 SoS15

2 0.0014 0.0006 LARP (h) LARP vs. pitch f5 SoS17

3 0.0017 0.0009 LARP (g) LARP vs. roll f5 SoS13

4 0.0025 0.0013 RALP (f) RALP vs. pitch f5 SoS13

5 0.0026 0.0016 RALP (e) RALP vs. roll f5 SoS11

6 0.0027 0.0019 LARP (h) LARP vs. pitch f2 SoS15

7 0.0051 0.0023 LARP (g) LARP vs. roll f5 SoS11

8 0.0055 0.0025 LARP (h) LARP vs. pitch f2 SoS11

9 0.0055 0.0028 RALP (f) RALP vs. pitch f2 SoS15

10 0.0061 0.0031 RALP (e) RALP vs. roll f2 SoS15

By definition, the familiar, though conservative, Bonferroni correction equals the first BH value, which is 0.0003 for this analysis. For context, response direction analyzed, stimuli compared, 
frequency, and SoS test set are also listed.
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space in the RALP and LARP tilt motion dimensions defined by the 
anatomy of the semicircular canals (Figure  1). In Condition (iii), 
we  provided four distinct balance perturbation stimuli that were 
orthogonal in time (but not space) in the roll, pitch, RALP, and LARP 
tilt motion dimensions. We  were able to quantify AP and ML 
responses even when the perturbation stimuli were provided in 
RALP/LARP coordinates [i.e., Condition (ii)]. The AP and ML 
responses were not significantly different from those evoked by the 
perturbation stimuli provided in roll/pitch coordinates. These primary 
findings demonstrate the potential of the platform perturbations 
provided in RALP/LARP coordinates as a new balance assessment 
that will ultimately help us observe the balance impairment of 
individuals with asymmetric sensory deficits in the vertical 
semicircular canals.

Spectral response components

Consistent with our earlier findings (38), we report that: (a) 
tilt perturbations in the roll plane yielded responses primarily in 
the ML direction (Figure 5A) with only small responses in the AP 
direction (Figure 5A), and (b) tilt perturbations in the pitch plane 
yielded responses primarily in the AP direction (Figure 5B) with 
only small responses in the ML direction (Figure 5B). As novel 
findings, we report that (c) tilt perturbations in the RALP plane 
yielded responses primarily in the RALP direction (Figure 6C; 
Supplementary Figure S5) with only small responses in the LARP 
direction (Figure  6C; Supplementary Figure S5), and (d) tilt 
perturbations in the LARP plane yielded responses primarily in 
the LARP direction (Figure 6D; Supplementary Figure S5) with 

FIGURE 10

The average frequency response functions of CoP (center of pressure) (A) ML (medial-lateral), (B) AP (anterior–posterior), (C) RALP (right anterior and 
left posterior), and (D) LARP (left anterior and right posterior) in the complex plane across the 24 subjects (top) when simultaneous roll/pitch/RALP/
LARP stimuli were provided [i.e., Condition (iii)] and (bottom) when roll/pitch stimuli [i.e., Condition (i)] were provided on separate trials than RALP/LARP 
stimuli [i.e., Condition (ii)]. Different asterisk colors delineate the average frequency responses to SoS11 (orange), SoS13 (yellow), SoS15 (purple), and SoS17 
(green) stimuli. All plots spiraled clockwise with increasing frequency.

TABLE 5  The 10 lowest p-values of 240 comparisons between different frequency sets (aa)–(ff).

p-value BH Condition Response Frequency Frequency set ( )∆f Hz

1 <0.0001 0.0002 (ii) LARP f5 (bb) SoS11 vs. SoS15 0.1208

2 <0.0001 0.0004 (i) AP f2 (bb) SoS11 vs. SoS15 0.0659

3 <0.0001 0.0006 (iii) RALP f3 (dd) SoS13 vs. SoS15 0.0989

4 <0.0001 0.0008 (ii) LARP f3 (bb) SoS11 vs. SoS15 0.1208

5 <0.0001 0.0010 (i) AP f2 (dd) SoS13 vs. SoS15 0.0549

6 <0.0001 0.0013 (i) ML f1 (cc) SoS11 vs. SoS17 0.0330

7 <0.0001 0.0015 (ii) LARP f1 (cc) SoS11 vs. SoS17 0.0330

8 <0.0001 0.0017 (iii) ML f3 (bb) SoS11 vs. SoS15 0.1208

9 <0.0001 0.0019 (iii) AP f3 (bb) SoS11 vs. SoS15 0.1208

10 <0.0001 0.0021 (ii) LARP f3 (dd) SoS13 vs. SoS15 0.0989
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only small responses in the RALP direction (Figure  6D; 
Supplementary Figure S5).

In Condition (i), where we provided simultaneous roll and pitch 
stimuli, we found that the largest response components were in the 
ML and AP directions (Figures 5A,B). When we look at these same 
data in coordinates that align with the RALP and LARP directions, 
we  (by the mathematical relationship between these two different 
reference frames) found response components that reflect the 
projection of the roll and pitch responses onto the RALP and LARP 
directions (Figures 5C,D).

In Condition (ii), where we provided simultaneous RALP and 
LARP stimuli, we found that the largest response components were in 
the RALP and LARP directions (Figures 6C,D). Again, because of the 
mathematical nature of reference frames that are rotated with respect 
to one another, when we  look at these same data in ML and AP 
coordinates, we found response components that reflect the projection 
of the predominant RALP and LARP responses onto the ML and AP 
directions (Figures 6A,B).

In Condition (iii), where we provided simultaneous stimuli in 
each of 4 planes (i.e., roll, pitch, RALP, and LARP)—each having 5 
different stimulus frequencies, we  found frequency response 
components at all 20 frequencies. Clear response components were 
found for: (a) roll, RALP, and LARP for each frequency of the roll 
stimuli, (b) pitch, RALP, and LARP for each frequency of the pitch 
stimuli, (c) roll, pitch, and RALP for each frequency of the RALP 
stimuli, and (d) roll, pitch, and LARP for each frequency of the LARP 
stimuli. In other words, clear response components were found at each 
stimulation frequency except that clear consistent response 
components were not found in the response direction that was 
spatially orthogonal to the stimulus direction.

No significant differences in ML and AP 
responses between roll/pitch stimuli and 
RALP/LARP stimuli

The repeated measures MANOVA using real and imaginary 
components found that the ML and AP responses were not 
significantly different when the tilt stimuli were provided in roll/
pitch coordinates vs. RALP/LARP coordinates [Pillai’s Trace, AP: 
p = 0.48, ML: p = 0.63]. Similarly, Hotelling’s T-square for further 
pairwise comparisons found no significant differences in the 
sensitivity of ML and AP spectral responses between roll and 
pitch tilt stimuli versus RALP and LARP tilt stimuli after the 
Bonferroni correction and the Benjamini-Hochberg (BH) 
procedure. This was true when the roll and pitch stimuli were 
provided in different trials (i.e., Condition (i)) than the RALP 
and LARP stimuli [i.e., Condition (ii)] and when the roll, pitch, 
RALP, and LARP stimuli were provided simultaneously in the 
same trial [i.e., Condition (iii)]. This suggests that we  can 
compare ML and AP responses evoked by RALP and LARP 
stimuli to existing literature showing ML and AP responses 
evoked by roll and pitch stimuli. The central nervous system is 
known to integrate the signals from the three semicircular canals 
to estimate 3D angular velocity and 2D tilt (46, 47). While 
speculative, these multidimensional estimates that arise via 
sensorimotor integration may be used for postural control via ML 
and AP motor templates (34, 35).

Putting all of the above into context, this suggests that we can 
provide tilt stimuli in the RALP and LARP coordinates and:

	 1	 Quantify the ML and AP responses evoked by RALP and LARP 
tilt stimuli, making it straightforward to compare with – and 
build on – the pre-existing literature that typically quantifies 
ML and AP responses evoked by 1D roll or 1D pitch stimuli.

	 2	 Quantify the responses in the RALP/LARP coordinates, 
making it easier to separate contributions of the RALP 
semicircular canals from the LARP canals.

For example, if a patient has a lesion in the right anterior 
semicircular canals, the patient will show a larger postural response to 
RALP tilt stimuli than to LARP tilt stimuli due to the limited 
contribution of the right anterior semicircular canals. We anticipate 
that 2D balance perturbations in roll/pitch coordinates are less likely 
to distinguish balance impairment due to asymmetric sensory deficits 
in the vertical semicircular canals (i.e., RALP and LARP) as all of the 
four vertical semicircular canals contribute to postural control at the 
same time when perturbations are provided in roll or pitch coordinates.

Furthermore, in the future, we  intend to provide translation 
stimuli in the AP and ML directions while we simultaneously provide 
tilt stimuli in the RALP and LARP directions. Consistent with the 
approach shown herein, these four stimuli will all be orthogonal in 
time and spectrally separable. Nonetheless, providing the tilt stimuli 
in RALP/LARP directions and translation in the more traditional ML 
and AP directions adds spatial separation alongside the orthogonality 
in time and spectral separation mentioned earlier.

Frequency response functions

The plots of the sensitivity and phase of the CoP spectral responses 
(Figures  7, 8) are also qualitatively similar to earlier studies that 
provided pseudorandom pitch tilt stimuli with eyes closed (15) and 
roll tilt stimuli with eyes closed (20). Prior research generated support 
surface pitch tilts using a pseudorandom ternary sequence (PRTS) and 
quantified center of mass (CoM) AP body sway angles of 8 healthy 
subjects using a backboard (15). They found (1) that transfer function 
gain increased in the low-mid frequency range (0.0165–0.5 Hz) and 
decreased in the higher frequency range (0.5–2.48 Hz) and (2) that 
phase lag continuously increased with frequency (15). Another prior 
study estimated CoM ML body sway angles using a backboard and 
demonstrated that transfer function gain increased with frequency 
below 0.5 Hz and phase lag continuously increased with frequency in 
a bandwidth of 0.021–2.79 Hz in response to roll support surface 
PRTS tilts (20). When we estimate FRFs for the CoM by low-pass 
filtering CoP data (48) with a cut-off frequency of 0.47 Hz, our data 
(see Supplementary Figures S10–S12 for more details) demonstrate 
FRFs that mimic those from two earlier studies (15, 20).

Small changes in frequency matter

We created four pseudorandom SoS trajectories that were 
designed to have frequency components that were close to each other 
(Table 1). Even though we were aware (see previous section) that 
frequency response functions varied with frequency (15), 
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we hypothesized that the small frequency differences we designed 
would not yield significant response differences because the 
frequencies were near to one another (e.g., SoS11 f1 = 0.0604 Hz and 
SoS17 f1 = 0.0934 Hz) and because the response variability between 
participants would be  too large to yield significant differences. 
However, the four-way repeated measures MANOVA showed a 
significant effect of the four pseudorandom SoS trajectories (i.e., SoS11, 
SoS13, SoS15, and SoS17) on the responses (p < 0.001). The Hotelling’s 
T-square for further pairwise comparisons also indicated that those 
four trajectories evoked significantly different responses (Table 5). 
This suggests to us we  should not compare frequency response 
functions (FRFs) at different perturbation frequencies (e.g., f1 of SoS11 
versus f1 of SoS13) as small changes in frequency matter for these FRFs. 
We  were pleased by this unexpected finding because this 
(inadvertently) shows the power of the approach presented herein, 
where statistically significant differences in the postural response were 
found for nearby stimulation frequencies; this shows that response 
variability had to have been small enough to unveil the response 
differences evoked by small differences in the stimulus frequency. This 
would not have occurred if the methods did not yield clean spectral 
response components. The high precision in spectral CoP responses 
also implies complexity when comparing directly across studies unless 
selected perturbation frequencies are exactly identical. Modeling 
using transfer functions (15) will come into play to fit the experimental 
data to address this limitation.

Some technical considerations

Positive integers only were used to multiply the fundamental 
frequency to determine the frequency of all stimulus components. 
This means that complete cycles for each frequency are provided in 
each full period of stimulation. This makes the stimuli provided at 
each frequency orthogonal in time over the full steady-state period. 
Both theoretically and practically, this means that no stimulus 
frequency components interfere with any other stimulus frequency 
components. Theoretically, the same holds true for steady-state 
responses of any linear system, as is commonly assumed by many 
studies of the balance responses evoked by 1D balance perturbations 
(12, 20, 25–33).

We chose a smaller fundamental frequency (0.0055 Hz) than the 
one selected (0.044 Hz) in our previous study (38) to allow all 
perturbation frequencies to fit in our target bandwidth of 0.05–
2.00 Hz. This bandwidth was selected because early literature showed 
that vestibular thresholds decreased with increasing frequency in the 
bandwidth (49). To define our frequency components, we multiplied 
the fundamental frequency of 0.0055 Hz by prime numbers with the 
single exception of 15; 15 was included, since its prime factors of 3 and 
5 were not included as multipliers. This set of multipliers – like sets of 
prime number multipliers  – reduces the chance of system 
nonlinearities yielding overlapping response frequency components.

We chose to begin with 11 as the lowest multiplier. This meant 
that a minimum of 11 cycles of stimuli were provided for each 
complete fundamental period of stimulation. This is above the 
minimum rule of 5 to 7 cycles often required for spectral analyses (15).

Choosing 11 as the lowest multiplier also allowed us to also 
include 13, 15, and 17 as the lowest integer multipliers, which leads to 
the fundamental frequency of the four trajectories used herein being 

separated only by a factor of 1.55. In other words, there was an 
increase of 55% from the lowest fundamental frequency of 0.060 Hz 
to the highest fundamental frequency of 0.093 Hz-meaning that these 
4 stimuli all had similar—but separable—fundamental frequencies 
(see Figure 2; Table 1).

To accomplish an analogous goal, two pseudorandom ternary 
sequence (PRTS) stimuli with non-overlapping harmonics have been 
interleaved by doubling the fundamental frequency of the 2nd stimuli 
(e.g., a 100% increase) (22). Taking this approach for four stimuli—
like those provided in our Condition (iii) would result in the fourth 
fundamental frequency (i.e., SoS17 f1) being 8 times greater than the 
first fundamental frequency (i.e., SoS11 f1) (i.e., a 700% increase). For 
12 stimuli (e.g., 6 physical motion dimensions and 6 visual motion 
dimensions), which we  may consider testing in the future, this 
approach of doubling the fundamental frequency for each motion 
dimension stimulated would mean that the highest fundamental 
frequency would be 2,048 times greater (i.e., 2(12–1), which is more than 
3 orders of magnitude greater) than the lowest fundamental 
frequency—almost certainly putting either the lowest or the highest 
fundamental frequency outside the physiologic range of interest.

We chose to perform our statistics using the real and imaginary 
Cartesian-coordinate response components instead of the more 
traditional polar coordinate response components of magnitude and 
phase. Standard coordinate transformations were used to convert 
back-and-forth from the standard Cartesian coordinates (i.e., real and 
imaginary components) and standard polar coordinates (i.e., 
magnitude and phase). The Cartesian coordinates offer the advantage 
that these two independent variables are each unbounded (i.e., range 
from minus ∞ to plus ∞). For comparison, magnitude is bounded at 
zero (i.e., is non-negative) and phase of the Fourier transform is 
bounded to fall in a range of −180 to 180°. As we discovered, these 
bounds alter statistical calculations even though the data points being 
compared are identical. While phase “unwrapping” can yield a greater 
phase range as the function shifts the angles to make the jump between 
consecutive angles less than 180° the unwrapping process is always 
subject to assumptions, which are avoided by simply using the real and 
imaginary components. Furthermore, the units on the real and 
imaginary variables are always the same, which means the weighting 
in all calculations—including, but not limited to, statistical 
calculations—is also naturally the same.

Limitations

While the present study represents the potential of 
two-dimensional balance perturbations in canal coordinates (i.e., 
RALP and LARP), it does not demonstrate the contributions of the 
RALP and LARP semicircular canals to postural control. Future 
studies will need to show whether individuals with peripheral lesions 
in a specific vertical semicircular canal (i.e., impaired perception of 
RALP motion cues) show balance impairment in response to 
perturbations delivered in the same plane. That will demonstrate the 
potential of our pseudorandom balance perturbations provided in 
RALP/LARP coordinates to characterize how peripheral lesions 
impact postural control.

Our data sets did not allow us to determine the motor control 
strategies that led to the observed postural responses as we did not 
measure muscle activations using electromyography (EMG). 
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Additional studies are required to determine whether the motor 
control system disaggregates the sensory signals provided in RALP/
LARP coordinates into roll/pitch coordinates to sway in ML and AP 
directions or the motor control activates muscles in RALP/LARP 
coordinates when provided perturbations in RALP/LARP coordinates. 
We suspect that a mixture of different muscle synergies (34, 35, 50) 
(i.e., hip and ankle strategies (51–53)) are involved in responding to 
our two-dimensional balance perturbations delivered in RALP/
LARP coordinates.

We identified some additional limitations of the study:

	 1	 As the two force plates embedded in the motion platform 
record only 2D CoP data (i.e., ML and AP), we were not able 
to analyze force or torque data. As just one example, if the force 
plates provided signals representing the three forces in x-y-z 
coordinates, it would allow us to determine the ground reaction 
force, which plays a key role in estimating spatial orientation 
using proprioceptive cues at the feet.

	 2	 We did not collect postural response data at the hip to better 
estimate body sway angle near the Center of Mass (CoM). 
Future studies will consider using a motion tracker at the hip 
to enhance the ability to characterize responses at more 
anatomical landmarks.

	 3	 As we delivered perturbations in RALP/LARP coordinates, our 
primary interest was the vestibular modality in the canals. 
Thus, this study did not consider the interactions of vestibular 
and proprioceptive cues.

	 4	 The CoP data were not evenly sampled from the age of 21–65 in 
24 participants since the goal of the study was to evaluate the 
new technology using two-dimensional platform perturbations. 
We are in the process of collecting normative data from the age 
of 18–89 in over 100 participants to identify the effect of age on 
postural control by using a comprehensive test protocol that 
includes perturbed balance assessments, but this data set is 
unavailable at this time.

	 5	 Although the trial order was randomized and at least a 1-min 
break was provided for each participant, six trials a day may 
lead to learning or fatigue effects. Data from a separate 
study that we  hope to publish soon showed that 
multidimensional platform perturbations demonstrated 
excellent repeatability (Intraclass correlations (ICC) > 0.88) 
for four repetitions with a 1-min break in between, which 
suggests that while learning or fatigue effects are real, they 
may not be major concerns.

	 6	 Our perturbation paradigm involves technical complexity for 
reproduction in non-specialist laboratories or clinics. One 
of our long-term goals of the paradigm is to license this 
novel technology to balance platform manufacturers, and 
we are willing to share the code that we have generated to 
create the motion trajectories used herein.

	 7	 This study included only healthy adults, so we were not able 
to demonstrate the potential of our two-dimensional 
balance assessment using perturbations delivered in 
RALP/LARP coordinates for clinical use. But we share a 
scenario that we can envision. Imagine a patient showing 
up in a general balance clinic with disorientation and 
imbalance. If the patient screens with a significantly larger 
postural response to RALP tilts but not to LARP tilts 

compared to a normal range, this observation might 
suggest a semicircular canal deficit in the RALP plane. The 
result could lead clinicians to request more focused 
specialty testing (e.g., head impulse testing) and could 
thereby lead to the patient obtaining the appropriate 
intervention to compensate for their sensory deficit. 
Additional studies should further develop this 
comprehensive multisensory multidimensional balance 
assessment test (CoMMBAT) to investigate whether it can 
distinguish individuals with sensory deficits in vertical 
semicircular canals (e.g., vestibular hypofunction), 
peripheral neuropathy, and/or those with movement 
disorders (e.g., Parkinson’s disease or stroke) to 
demonstrate clinical applicability.

Finally, generally, we  hypothesize that balance patient 
populations will show a larger postural response than healthy 
individuals. This would suggest that we  should explore 
multidimensional balance assessments such as three-dimensional 
perturbations that add earth-vertical translations to the RALP 
and LARP tilt stimuli used for the present study. The earth-
vertical perturbations might evoke a larger postural response in 
individuals with movement disorders than those with sensory 
deficits in the vertical semicircular canals as it would be hard for 
those with movement disorders to generate corrective torques 
using muscles to counteract gravitational torques to enhance 
their stability in response to the external perturbations.

Conclusion

The present study demonstrated (1) that spectral response 
components were observed at each perturbed frequency when 
we provided two distinct balance perturbation stimuli in roll/pitch 
coordinates or/and RALP/LARP coordinates, (2) that the AP and ML 
postural responses were not significantly different when the stimuli 
were provided in roll/pitch coordinates versus RALP/LARP 
coordinates except for one of 320 comparisons as described in the 
results, (3) that even small shifts in perturbation frequency impact 
quantification of spectral postural responses, and (4) that spectral 
response components were observed at each of the 20 perturbation 
frequencies when SoS perturbations were provided in the four 
directions (roll, pitch, RALP, and LARP) simultaneously. These 
findings highlight that healthy individuals show similar postural sway 
in response to roll/pitch stimuli that are orthogonal to one another in 
both space and time, and RALP/LARP stimuli that are similarly 
orthogonal to one another in both space and time. Our 
two-dimensional balance assessment that provides platform 
perturbations in the canal coordinates might have the potential to 
contribute to the identification of a canal deficit that causes balance 
impairment. The anatomically driven novel approach seems poised to 
advance the field of neuro-otology.
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