
Authors
María Carolina Bermúdez Rey, Torin K Clark, Wei Wang, Tania Leeder, Yong Bian, and Daniel M Merfeld

This article is available at CU Scholar: https://scholar.colorado.edu/asen_facpapers/3

https://scholar.colorado.edu/asen_facpapers/3?utm_source=scholar.colorado.edu%2Fasen_facpapers%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages


October 2016 | Volume 7 | Article 1621

Original research
published: 03 October 2016

doi: 10.3389/fneur.2016.00162

Frontiers in Neurology | www.frontiersin.org

Edited by: 
Yuri Agrawal,  

Johns Hopkins University, USA

Reviewed by: 
Paul MacNeilage,  

Ludwig Maximilian University of 
Munich, Germany  

Benjamin Thomas Crane,  
University of Rochester, USA

*Correspondence:
Daniel M. Merfeld  

dan_merfeld@meei.harvard.edu

Specialty section: 
This article was submitted to 

Neuro-otology,  
a section of the journal  
Frontiers in Neurology

Received: 24 May 2016
Accepted: 14 September 2016

Published: 03 October 2016

Citation: 
Bermúdez Rey MC, Clark TK, 

Wang W, Leeder T, Bian Y and 
Merfeld DM (2016) Vestibular 

Perceptual Thresholds Increase 
above the Age of 40.  
Front. Neurol. 7:162.  

doi: 10.3389/fneur.2016.00162

Vestibular Perceptual Thresholds 
increase above the age of 40
María Carolina Bermúdez Rey1,2, Torin K. Clark1,2,3, Wei Wang1,4, Tania Leeder2, Yong Bian1,2 
and Daniel M. Merfeld1,2*

1 Harvard Medical School, Boston, MA, USA, 2 Jenks Vestibular Physiology Laboratory, MEEI, Boston, MA, USA, 3 University 
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We measured vestibular perceptual thresholds in 105 healthy humans (54F/51M) rang-
ing from 18 to 80 years of age. Direction-recognition thresholds were measured using 
standard methods. The motion consisted of single cycles of sinusoidal acceleration at 
0.2 Hz for roll tilt and 1.0 Hz for yaw rotation about an earth-vertical axis, inter-aural 
earth-horizontal translation (y-translation), inferior–superior earth-vertical translation 
(z-translation), and roll tilt. A large subset of this population (99 of 105) also performed 
a modified Romberg test of standing balance. Despite the relatively large population 
(54F/51M), we found no difference between thresholds of male and female subjects. 
After pooling across sex, we found that thresholds increased above the age of 40 for all 
five motion directions investigated. The data were best modeled by a two-segment age 
model that yielded a constant baseline below an age cutoff of about 40 and a threshold 
increase above the age cutoff. For all subjects who passed all conditions of the balance 
test, the baseline thresholds were 0.97°/s for yaw rotation, 0.66°/s for 1-Hz roll tilt, 
0.35°/s for 0.2-Hz roll tilt, 0.58 cm/s for y-translation, and 1.24 cm/s for z-translation. 
As a percentage of the baseline, the fitted slopes (indicating the threshold increase each 
decade above the age cutoff) were 83% for z-translation, 56% for 1-Hz roll tilt, 46% for 
y-translation, 32% for 0.2-Hz roll tilt, and 15% for yaw rotation. Even taking age and 
other factors into consideration, we found a significant correlation of balance test failures 
with increasing roll-tilt thresholds.

Keywords: vestibular, perception, thresholds, aging

inTrODUcTiOn

Data suggest that, on average, females and males have a significantly different number of vestibular 
afferent fibers (1) and that a significant difference in the size of the vestibular labyrinth exists (2). 
Such anatomical differences could contribute to behavioral differences, but studies utilizing standard 
clinical vestibular assays (3–8) have found no significant sex effects. Nonetheless, differences could 
exist. Wall and colleagues reported a very small, but significant, difference in the VOR phase at 
0.005 Hz in a population of 25 males and 25 females (9). Benson reported perceptual translation 
thresholds (i.e., the smallest motion that can be reliably perceived as leftward or rightward) for 
females that were roughly 40% lower than for males for each of the three translation directions (7), 
but this difference was not statistically significant. Similarly, yaw rotation thresholds were reported 
to be about 20% lower in females than males (8), but again, this difference was not statistically 
significant. Given these data, we felt that a sex effect deserved study using a larger sample.
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We chose to measure vestibular thresholds for a variety of 
reasons. (1) Threshold testing uses small motions that typically 
are well tolerated. (2) Like other threshold measures (e.g., audi-
tory thresholds), vestibular thresholds have direct functional 
relevance. (3) Thresholds have been shown to be a sensitive 
measure of vestibular function that has been shown to identify 
specific peripheral vestibular deficits (10). (4) Thresholds have 
shown great promise to help diagnose central disorders such as 
vestibular migraine (11, 12), which may be the most prevalent 
vestibular disorder. (5) Unlike other vestibular responses such 
as the VOR, one previous study was unable to demonstrate 
adaptive perceptual threshold changes even following substan-
tial training efforts (13) – possibly because the brain receives 
little information to drive adaptation during threshold-level 
motion. (6) Thresholds can provide a comprehensive assay of 
many aspects of vestibular function – including perception, 
all peripheral end organ pairs, central vestibular functions, 
etc. – that are straightforward to interpret and can be compared 
across motion types (i.e., translation, tilt, and rotation) relative 
to normal.

Earlier vestibular threshold studies have come to different 
conclusions regarding the effect of age on rotation thresholds and 
translation thresholds. One study (14) measured thresholds for 
yaw rotation in a group of 19 younger subjects, aged 20–26, and a 
group of 16 older subjects, aged 63–84, and found no significant 
effect of age. Similarly, Seemungal and colleagues (15) reported 
no difference in yaw rotation thresholds between a group of 14 
young (mean age of 23) and 9 older (mean age of 63) normal 
subjects. Each of these reports is consistent with another study 
(16) of 24 normal subjects between the ages of 21 and 60 that 
found no effect of age on yaw rotation thresholds.

While published studies do not show a significant correlation 
of yaw rotation thresholds with age, there is evidence to suggest 
that translational thresholds do correlate with age. However, 
one of the studies that did not find a correlation of yaw rotation 
threshold with age (16) did report a correlation with age for 
thresholds measured using naso-occipital (x-axis) and inter-aural 
(y-axis) translations. Furthermore, Agrawal and colleagues (17) 
reported that thresholds of 42 normal subjects demonstrated a 
significant positive correlation with age for naso-occipital (x-axis) 
and inferior–superior (z-axis) translation but not for inter-aural 
(y-axis) translation, and another recent paper (18) reported that 
translation thresholds for 42 normal subjects were significantly 
correlated with age for naso-occipital (x-axis), inferior–superior 
(z-axis), and inter-aural (y-axis) translations. Finally, Kingma 
(19) reported that for a population of 28 healthy subjects between 
the ages of 22 and 60 (7 subjects/decade), thresholds increased 
linearly with age for naso-occipital (x-axis) translation but found 
no correlation for inter-aural (y-axis) translation thresholds.

Before proceeding, we also note that non-vestibular cues (e.g., 
somatosensory and proprioceptive) may contribute to these 
thresholds, but a previous study showed bilateral vestibular defec-
tive patients have significantly higher thresholds (20), suggesting 
a predominant influence of the vestibular cues.

Given the earlier findings, we decided to include a larger 
number of healthy normal subjects (54 females and 51 males) 
than reported in previous investigations. We specifically targeted 

our recruitment to obtain age- and gender-matched subjects 
for each decade spanning an age range between 18 and 80. We 
measured direction-recognition thresholds in the dark for (a) 
yaw rotations – transduced primarily by the lateral semicircular 
canals, (b) superior–inferior (z-axis) translations – transduced 
primarily by the saccular organs, (c) inter-aural (y-axis) transla-
tions – transduced primarily by the utricular organs, and (d) 
roll tilts – transduced primarily by the vertical canals and the 
utricular organs. We emphasize that this study is the first to look 
at age effects for roll-tilt thresholds; the importance of this is 
emphasized by recent reports of lowered thresholds in patients 
suffering vestibular migraine (11, 12).

MaTerials anD MeThODs

Perceptual thresholds were sampled in 105 subjects, 54 females 
and 51 males, between the ages of 18 and 80. All subjects 
filled out a general health questionnaire to confirm that they 
qualified to participate, including the absence of vestibular 
symptoms. Menstrual cycle status and diagnosis of migraine 
were determined via two separate questionnaires. A standing 
balance test was used to objectively evaluate balance function. 
Threshold data collection methods generally mimicked those 
used by Valko and colleagues (20), but data were collected for 
only a small subset of the frequencies sampled in that earlier 
study. Specifically, for each subject, yaw rotations were applied 
about an earth-vertical axis at 1 Hz, y-translations were applied 
along an earth-horizontal axis at 1  Hz, z-translations were 
applied along the earth-vertical axis at 1 Hz, and roll tilts about 
a head-centered earth-horizontal axis were applied at 0.2 and 
1 Hz. Participation in the study took about 3 h including at least 
two breaks. Informed consent was obtained from all subjects 
as dictated by the Declaration of Helsinki, and the study was 
approved by the MEEI Human Use Committee.

Questionnaires
A short health questionnaire was administered to all subjects for 
screening purposes. History of current and previous diseases, 
with an emphasis in neurological, otologic, vestibular, and 
chronic uncontrolled diseases, and medications was obtained. 
Acting conservatively, subjects diagnosed with any major health 
problem or under medications that could potentially affect 
vestibular function or decision making were excluded, as were 
subjects with any history of vestibular symptoms. As just one 
example, subjects with vestibular migraine would typically have 
been excluded because of their occasional symptoms.

Women were asked to fill out a separate questionnaire to estab-
lish menstrual cycle status (premenopausal, postmenopausal, 
or other). For premenopausal women, length and regularity of 
cycles, start of current cycle (i.e., first day of menstrual bleeding), 
and current use of hormonal contraception was recorded.

Because prevalence of migraine is known to be higher in 
females (21), we considered migraine as a potential confound-
ing factor for our analyses. The Migraine Screen Questionnaire 
(MS-Q) developed and validated by Láinez et  al. (22, 23) was 
administered to confirm history of migraine and/or to detect 
hidden migraine. A MS-Q score ≥4 was considered positive.
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Balance Testing
To assess balance function, the modified Romberg test of stand-
ing balance on firm and compliant support surfaces (24) was 
performed. This balance test consists of four steps. Each step 
must be passed in order to move to the next step. All steps are 
performed standing with feet together and arms crossed. To pass 
the first step, each participant had to stand on the floor for 15 s 
with eyes open. To pass the second step, they had to stand on the 
floor for 15 s with eyes closed. To pass the third step, they had 
to stand on memory foam with eyes open for 30 s. To pass the 
final step, they had to stand on the foam with eyes closed for 30 s. 
This final test condition primarily assesses vestibular function 
(24, 25), since visual contributions are eliminated and the foam 
makes kinesthetic cues unreliable. The balance test was scored 
on a pass/fail basis. Failure was defined as participants needing 
to open their eyes or arms or move their feet to maintain stability 
before the end of the trial. All subjects were allowed two trials at 
each step.

Motion stimuli and Psychophysical 
Threshold Tests
The motion paradigms and psychophysical tests employed 
to measure perceptual thresholds for this study have been 
previously published in detail (26, 27), so are described briefly 
herein. Motion stimuli were generated with a Moog 6DOF 
motion platform. Motion stimuli were single cycles of sinusoidal 
acceleration (either linear acceleration or angular acceleration) 
[ = π =

π



a t A ft A

t
T

( ) sin(2 ) sin
2 , where A is the acceleration 

amplitude and f is the motion frequency]. We present thresholds 
using the peak velocity of each stimulus. As shown in earlier 
papers [e.g., Ref. (8, 26)], this yields bell-shaped velocity trajecto-
ries having a maximum velocity of vmax = A/(πf).

Subjects were seated in an upright position, held via an 
adjustable five-point harness and a helmet. To minimize other 
sensory cues, motions were performed in the dark in a light-tight 
room, all skin surfaces except the face and hands were covered, 
and noise-canceling headphones played constant amplitude 
white noise during the motions to mask any auditory cues and to 
indicate the time period when each motion occurred.

A three-down/one-up (3D/1U) adaptive staircase was used 
to target stimuli near threshold (28, 29). To minimize training 
effects, suprathreshold practice trials were administered until 
each subject understood and was comfortable with the task before 
each set of trials. Each block consisted of 100 trials, where a single 
motion stimulus was provided per trial. One hundred trials was 
considered adequate because an earlier study (29) showed that 
100 trials yielded methodological threshold variations of just 18% 
– much less than the intra-subject variations reported previously 
by Benson (7, 8). Furthermore, 200 trials, while roughly doubling 
test time, yielded just an incremental improvement in threshold 
precision (from 18 to 13%). Until the first mistake, the stimulus 
was halved after three correct responses at each level. From this 
point onward, the size of the change in stimulus magnitude was 
determined using parameter estimation by sequential testing 
(PEST) rules (30). For all conditions, initial stimuli were set at a 

level that was suprathreshold for the vast majority of subjects. Yaw 
rotations began at a vmax = 4°/s, y-translations at vmax = 4 cm/s, 
z-translations at vmax = 16 cm/s, and roll tilts at vmax = 3°/s for 1-Hz 
stimuli and vmax = 2°/s for 0.2 Hz. No feedback was provided as 
to the correctness of the responses after each trial. On only one 
test (1-Hz roll tilt) did the subject increase the stimulus amplitude 
beyond the motion device motion capabilities (1 out of more than 
500 successful tests). When this occurred, since we thought that 
the subject may not have understood how to indicate the tilt 
direction, the subject was instructed again and given a second 
chance and then successfully completed the testing.

As a subtle enhancement to the published methods, all subjects 
used a two-stage task on an iPad to indicate responses. The iPad 
backlight illumination was off during all motion stimuli. Subjects 
were instructed to first tap the left (top) side of the screen if they 
perceived a leftward (upward) motion or to tap the right (bottom) 
side for rightward (downward) motion. Each tap was followed 
by feedback confirming the selection. Subjects were instructed 
that they must provide an answer. These instructions mimicked 
our earlier instructions, with the only difference as the use of an 
iPad instead of buttons to provide the binary indications. These 
standard binary data are used for all analyses presented herein.

After indicating perceived motion direction, subjects were 
instructed to indicate whether they were uncertain or not uncer-
tain. If uncertain, subjects pressed the left and right sides of the 
iPad screen simultaneously. Otherwise, they pressed the same 
side of the screen again (e.g., right side twice for a right/certain 
response). These certainty/uncertainty data are not presented 
herein and are described here only to report our exact procedures.

As noted by others (13), testing at different frequencies could 
yield different results, especially since thresholds vary with fre-
quency [e.g., Ref. (7, 8, 20, 26, 31–33)]. Roll tilts at 0.2 Hz were 
chosen to assess sensory integration between canal and otolith 
cues (34), but we chose 1-Hz stimuli for most testing because (1) 
subjects report that tasks using 1-Hz stimuli are easier than both 
(a) higher frequency (e.g., 5 Hz) stimuli that require high alert-
ness to avoid missing brief stimuli and (b) lower frequency (e.g., 
0.1 Hz) stimuli that require extended periods of attention and (2) 
they require just 1 s, so 100 trials can be accomplished in less than 
10 min (including time for responses and pauses between trials).

Data analysis
For all conditions, the threshold (σ, sometimes called the 
psychometric width parameter) was determined by fitting a psy-
chometric curve to the binary (e.g., left/right) experimental data. 
Specifically, a Gaussian cumulative distribution psychometric 
function defined by the parameters σ and μ was fit using a maxi-
mum likelihood estimate via a bias-reduced generalized linear 
model (BRGLM) (35) and probit link function (36). Fits were 
performed in MATLAB using the Statistic Toolbox version 8.3.

Geometric means were calculated for across subject averages, 
because, consistent with earlier reports (7, 8), data demonstrated 
a lognormal distribution across subjects for all conditions 
(Kolmogorov–Smirnov goodness-of-fit for lognormal distribu-
tion, p  >  0.25). Both non-parametric and parametric analyses 
(using data in logarithmic units) were used. Multiple logistic 
regression was used to estimate the odds of failing the balance 
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FigUre 1 | average (geometric mean) vestibular perceptual thresholds when grouped into five age ranges; error bars represent sD. (a,B) Top row 
shows thresholds for 1-Hz yaw rotation (blue triangle), 1-Hz roll tilt (green circle), 0.2-Hz roll tilt (red square); (c,D) bottom row shows thresholds for 1-Hz z-
translation (magenta triangle) and 1-Hz y-translation (cyan diamond). (a,c) Left column, with solid lines and filled symbols, represents data from all 105 subjects. 
(B,D) Right column, with dashed lines and open symbols, represents data from 79 subjects who completed and passed all steps of the balance test. For clarity, 
data points are offset left/right slightly to minimize overlap. Inset cartoons indicating motion direction are reprinted with permission from Wolfe et al. (40).
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test associated with thresholds and age. A Pearson correlation was 
used to test for correlation between thresholds in different axes. 
Analyses were performed using SAS statistical software (SAS 
Institute Inc., Cary, NC, USA).

Data in other sensory domains [e.g., odor identification (37), 
visual acuity (38), and speech intelligibility (39)] suggest thresh-
olds vary with age in a piecewise manner – with a flat plateau 
below an age cutoff and decreasing sensitivity above the same 
age cutoff. As our data shown in Figure 1 also suggest a similar 
piecewise linear pattern, we hypothesize thresholds remain rela-
tively constant (i.e., no effect of age) up until some age cutoff at 
which point they increase (for simplicity, we assume this increase 
is linear). For each motion condition, the following continuous, 
piecewise linear model was fit to each subject’s threshold (σi) data 
with three parameters: (1) an “age cutoff ” ( )âcutoff , (2) a “base-
line” level ( )σ̂baseline  that represents the average threshold for ages 
less than the age cutoff, and (3) a “slope” ( )m̂  that represents 
the rate of threshold increase above the age cutoff, where ai is 

each subject’s age in years rounded to the nearest integer at the 
time of testing was (e.g., 38 years of age). We present slope per 
decade (i.e., 10 years) throughout, since decades provide a more 
meaningful timescale for such changes.

 
( )σ = =

σ ≤

− + σ >












f a

a a

m a a a a
( )

ˆ if ˆ

ˆ ˆ ˆ if ˆi i
i

i i

baseline cutoff

cutoff baseline cutoff  
As previously discussed, the thresholds were lognormally dis-

tributed; thus, the threshold data were log transformed and then 
a log-transformed version of the above age model was fit using 
a least-squared Nelder–Mead non-linear minimization routine 
(MATLAB fminsearch.m). Residuals were analyzed to assess the 
appropriateness of the fits. A parametric bootstrap approach (41), 
with M = 2,000 simulated data sets, was used to estimate the 95% 
confidence intervals of each fit parameter.

As shown in Figure 1, the age cutoffs were found to be similar 
across motion conditions. To quantify a single overall age cutoff, 
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TaBle 2 | Thresholds for females who are and are not taking hormonal 
birth control for each of the five motion conditions.

hormonal birth control statistical analyses

 no Yes Wilcoxon rank sum

No. of participants 20 14

Yaw rotation (°/s) 0.92 (0.75–1.14) 1.32 (1.00–1.74) p = 0.0373

y-translation (cm/s) 0.56 (0.47–0.68) 0.80 (0.52–1.24) p = 0.1779

z-translation (cm/s) 1.32 (1.03–1.69) 1.65 (1.09–2.52) p = 0.4732

Roll tilt 0.2 Hz (°/s) 0.35 (0.29–0.43) 0.37 (0.28–0.48) p = 0.3303

Roll tilt 1 Hz (°/s) 0.67 (0.55–0.82) 0.80 (0.65–0.98) p = 0.3359

After multiple comparisons correction, no significant differences were found. 95% 
confidence intervals provided in parentheses.

TaBle 3 | Threshold dependent on migraine status (95% ci) for each of 
the five motion conditions.

Migraine status statistical analyses

 no Yes Wilcoxon rank sum

No. of participants 100 5

Yaw rotation (°/s) 1.11 (1.01–1.22) 1.16 (0.66–2.01) p = 0.9221

y-translation (cm/s) 0.80 (0.71–0.91) 0.46 (0.34–0.62) p = 0.0462

z-translation (cm/s) 2.03 (1.73–2.38) 1.05 (0.87–1–27) p = 0.0430

Roll tilt 0.2 Hz (°/s) 0.47 (0.42–0.52) 0.31 (0.25–0.39) p = 0.0698

Roll tilt 1 Hz (°/s) 0.94 (0.83–1.06) 0.76 (0.48–1.21) p = 0.4122

Significant differences were suggested for z-translation and y-translation, but after 
multiple comparisons correction, no significant differences were found.

TaBle 1 | Thresholds for males and females (95% ci) for each of the five 
motion conditions.

 sex statistical analyses

Male Female Wilcoxon rank sum

No. of participants 51 54

Yaw rotation (°/s) 1.05 (0.91–1.20) 1.18 (1.04–1.35) p = 0.4474

y-translation (cm/s) 0.79 (0.66–0.96) 0.77 (0.65–0.91) p = 0.8954

z-translation (cm/s) 1.84 (1.48–2.31) 2.09 (1.68–2.60) p = 0.3992

Roll tilt 0.2 Hz (°/s) 0.47 (0.40–0.54) 0.45 (0.39–0.53) p = 0.9463

Roll tilt 1 Hz (°/s) 0.91 (0.78–1.08) 0.94 (0.80–1.11) p = 0.8450

Data show no significant differences between sexes.
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a comprehensive model (same piecewise form as above) was 
fit to the thresholds across all motion conditions. The model 
consisted of 11 parameters: 1 overall age cutoff, 5 baseline levels, 
and 5 slopes (corresponding to each of the 5 motion conditions). 
Each individual threshold data point was first log transformed, 
then standardized by the motion condition using the respective 
mean and SD prior to fitting a log-transformed version of the 
linear age model described above to each of the five data sets 
simultaneously. The standardization and log transformation pro-
cesses were reversed to present model fit parameters and curves 
in the original physical units. We used likelihood ratio tests and 
Bayesian information criteria (BIC) to assess goodness-of-fit for 
the proposed piecewise two-segment linear models compared to 
alternative simple linear and average models.

resUlTs

Thresholds
Our data do not suggest any threshold differences between males 
and females (Table  1). Statistical tests fail to demonstrate any 
significant effect of sex on thresholds. Even when we included 
migraine status, age, and balance test results as factors in multi-
variate analyses, no significant sex effect was found (p > 0.4, for 
each motion condition).

We also looked for a potential difference between premeno-
pausal women under hormonal contraception and normal cycling 
women (Table 2). In all conditions, women taking hormonal birth 
control had higher thresholds. This difference did not appear 

significant except for yaw rotation thresholds (Wilcoxon rank 
sum, p =  0.037). Given multiple comparisons, we do not treat 
this difference as significant.

Furthermore, given that the association between hormonal 
contraception and yaw rotation thresholds could be explained 
by shared associations with other factors such as age, migraine 
status, or balance test results, we included all these factors in a 
multivariate analysis and found no significant effect of hormonal 
contraception on yaw rotation thresholds (p = 0.68) or for any of 
our other motion conditions.

In our sample, participants with migraine, defined as a MS-Q 
score of 4 or more (23), had lower thresholds for 4 of the 5 
conditions – all but yaw rotation – than all other subjects. After 
correcting for multiple comparisons, that potential difference was 
not significant (Table 3). Because the sample size for migraine 
sufferers was so low (N = 5), this is noted as interesting but was 
not further explored herein.

Table 4 shows the velocity threshold geometric mean for each 
motion condition separated into five age groups. As previously 
reported (7), z-translation thresholds were significantly higher 
(typically ~2× higher) than y-translation thresholds (paired t 
test, p < 0.0001). Yaw rotation thresholds were higher than roll 
tilt 1-Hz thresholds (paired t test, p = 0.0028), and roll tilt 0.2-
Hz thresholds were significantly lower than both yaw rotation 
and roll tilt 1-Hz thresholds (paired t test, p < 0.0001 each). All 
five motion conditions showed an increase of threshold (poorer 
direction-recognition performance) with age (Figure 1). We note 
that all five subplots show a relatively flat threshold plateau below 
the age of 40–49 and also show increasing thresholds above that 
same age cutoff.

When each of the five motion conditions was analyzed 
separately, this age effect was significant, even following multi-
ple comparisons correction, for four of the five motions tested 
(Kruskal–Wallis, p < 0.005) – all but yaw rotation. A similar trend 
with age was evident in the yaw rotation data, but this trend was 
not statistically significant (Kruskal–Wallis, p = 0.087). Figures 2 
and 3 show these data.

Having established that there is an age effect that is independ-
ent of other factors, we evaluated whether there is an age cutoff 
above which threshold increases accumulate by fitting a two-piece 
linear model to the data. To minimize the impact of undiagnosed 
vestibular dysfunction, this model fit was first performed only on 
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TaBle 4 | Mean threshold by age group for each of the motion conditions, with a 95% confidence interval.

age (in years) no. of subjects Yaw rotation (°/s) y-translation (cm/s) z-translation (cm/s) roll tilt 0.2 hz (°/s) roll tilt 1 hz (°/s)

All 105 1.11 (1.01–1.23) 0.78 (0.69–0.89) 1.97 (1.68–2.30) 0.46 (0.41–0.51) 0.93 (0.83–1.04)

18–29 29 1.06 (0.87–1.28) 0.61 (0.48–0.79) 1.36 (1.04–1.77) 0.37 (0.31–0.44) 0.70 (0.60–0.82)

30–39 20 1.04 (0.86–1.26) 0.64 (0.52–0.78) 1.26 (0.96–1.67) 0.37 (0.30–0.46) 0.65 (0.52–0.81)

40–49 19 0.99 (0.83–1.19) 0.79 (0.59–1.05) 1.91 (1.44–2.53) 0.46 (0.37–0.59) 0.92 (0.71–1.18)

50–59 21 1.16 (0.94–1.44) 0.99 (0.75–1.29) 2.81 (2.23–3.53) 0.57 (0.45–0.72) 1.19 (1.00–1.42)

60–80 16 1.45 (1.14–1.84) 1.15 (0.87–1.53) 4.35 (2.86–6.60) 0.67 (0.51–0.88) 1.74 (1.29–2.35)

Passed balance 79 1.04 (0.94–1.16) 0.69 (0.61–0.79) 1.62 (1.38–1.91) 0.40 (0.36–0.45) 0.81 (0.72–0.91)

18–29 24 0.98 (0.79–1.21) 0.51 (0.43–0.60) 1.14 (0.93–1.40) 0.34 (0.29–0.41) 0.63 (0.55–0.73)

30–39 20 1.04 (0.86–1.26) 0.64 (0.52–0.79) 1.26 (0.95–1.67) 0.37 (0.30–0.46) 0.65 (0.52–0.81)

40–49 13 0.87 (0.70–1.09) 0.70 (0.52–0.95) 1.74 (1.17–2.62) 0.39 (0.32–0.47) 0.81 (0.62–1.06)

50–59 14 1.16 (0.91–1.48) 0.97 (0.66–1.42) 2.43 (1.83–3.21) 0.52 (0.38–0.70) 1.17 (0.94–1.46)

60–80 8 1.37 (1.02–1.85) 1.18 (0.75–1.85) 3.80 (1.91–7.59) 0.58 (0.39–0.85) 1.45 (0.98–2.14)

FigUre 2 | Threshold data for all subjects are plotted versus age for (a) 1-hz yaw rotation, (B) 1-hz roll tilt, and (c) 0.2-hz roll tilt. Closed circles (●) 
show data for subjects who passed the balance test. Cross mark (X) show data for 20 subjects who passed conditions 1–3 but did not pass condition 4 of the 
balance test. Open circles (⚪) show data for six subjects who did not attempt the balance test. Triangles (Δ) show data for five migraineurs. Inset cartoons indicating 
motion direction are reprinted with permission from Wolfe et al. (40).
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