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Abstract

Introduction: Aging is associated with loss of balance, with
falls being one of the leading causes of death among the
elderly in the USA. Gaze stabilization exercises (GSE) improve
balance control in vestibular populations and could be
useful to prevent falls in healthy individuals. However, the
extent to which aging affects head kinematics in GSE is
unknown. Methods: Forty-eight younger (n = 25, 24 +
6 years, 60% female) and older (n = 23, 66 + 5 years, 56%
female) adults completed six 30-s GSE. Participants were
asked to maintain gaze fixation on a stationary target while
continuously performing head movements in pitch (e.g.,
vertical) and yaw (e.g., horizontal) directions. The visual
target was placed on the wall 1 m or 2 m away or handheld
at arm'’s length. Head kinematics were recorded with an
inertial measurement unit placed on the back of the
participants’ head. Results: Older adults took significantly
more time (e.g., delay) to complete cycles of head rotation in

both pitch and yaw compared to younger participants
across all GSE. Such delay was further increased during yaw
head rotation while fixating gaze of the 1 m target. The
average peak velocity (APV) and average angular dis-
placement (AAD), however, were equivalent between
groups in all GSE. Conclusion: Aging leads to the mainte-
nance of head rotation APV and AAD at the expense of
delayed cycles of head rotation, suggesting an age-
dependent prioritization strategy (e.g., adapt duration
first, range second) during continuous head movements.
The distance of the visual target and head movement di-
rection influenced elderly performance and should be
considered when prescribing GSE to older populations.

© 2024 S. Karger AG, Basel

Introduction

According to the American Center for Disease Control
(CDC), 36,000 adults aging 65 years and older died in
2020 after falls - the leading cause of injury-related death
among elderly persons in the USA [1]. In addition to
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deaths, falls were also responsible for 3 million emergency
department visits at an annual cost of USD 50 billion
when considering 1 million fall-related hospital stays
[1]. Even worse, the current proportion of more than
25% of all older adults falling every year is increasing. In
fact, the age-adjusted fall death rate for older adults
increased by 41% to 78.0 per 100,000 in 2021 [2], with
death-related falls expected to continue rising among
people aged >85 years [3].

Dizziness or vertigo figure among the leading rea-
sons for elderly adults (>65 years) to visit the emer-
gency department in the USA [4, 5], often in the context
of a fall [6]. Specifically, vestibular-related falls are
associated with hip fractures [7], higher hospital re-
admission rates [8], head trauma [9], and death [10,
11]. The two most common regions responsible for
dizziness and imbalance in the older population involve
pathologies of the vestibular end organs or brain (e.g.,
benign paroxysmal positional vertigo, migraine), either
of which disrupts sensorimotor integration (e.g., in-
tegrating afference from the eyes and ears) essential for
postural stability [12]. Conversely, older adults tend to
decrease head velocity and displacement when per-
forming tasks while standing or walking, relying on
gaze fixation to improve head stability, which may serve
as a protective measure against falls [13]. However,
several functional tasks of daily life impose the opposite
behavior. That is, standing or walking while continu-
ously moving the head and fixating or negotiating
visual targets (e.g., crossing streets, reading signs
during a walk). Furthermore, aging is correlated with
deterioration of semicircular canal and otolith func-
tions [14, 15], in addition to a decreased ability to
integrate sensory signals into perceptual decisions that
account for motor delay [16]. Thus, it is not surprising
that elderly persons are at a higher risk for fall-related
morbidities given their age-related decline in both the
integration and sensory processing of the complex
vestibular afference across different regions of the
cortex that are critical for spatial navigation [17, 18].

Gaze stabilization exercises (GSE) are considered
the standard of care for mitigating the troubling
symptoms (i.e., oscillopsia, dizziness) and signs (gaze
and gait instability) in individuals with vestibular
dysfunction [19, 20]. GSE represent a dual task given
that one must visually focus on a static or dynamic
target while coordinating simultaneous continuous (or
transient) repositioning of the head [21]. Completing
GSE as part of a rehabilitation program improves gait
speed and visual acuity during head rotation, while also
reducing postural instability and fall risk [19, 22, 23].
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The actual mechanism responsible for such behavioral
improvement is unknown and may include optimi-
zation of the vestibulo-ocular reflex (VOR) [24]. GSE
likely support improved sensorimotor integration
based on the repeated exposure to visuo-vestibular
stimuli, leading to refinement of the implemented
response [21].

In recent years, GSE have been increasingly applied to
treat broader clinical populations including people with
reports of dizziness despite having normal peripheral
vestibular function [25], older adults with mild cognitive
impairment [26], and individuals with diagnoses ranging
from mild traumatic brain injury to central nervous
system impairment such as stroke [19]. Even among
children, vestibular rehabilitation has been reported to
improve cognition despite concurrent ADHD and ves-
tibular impairment [27]. Moreover, evidence shows that
the benefits from exercising the gaze stabilizing systems
are not limited to clinical populations and that GSE have
the potential to significantly improve walking perfor-
mance of healthy older adults, translating to greater
functional affordance [28]. However, the mechanisms
through which older age alone could influence perfor-
mance in GSE remain widely overlooked, limiting the
dissemination of this simple, yet promising strategy to
prevent falls among the elderly.

Understanding the extent to which healthy aging af-
fects head kinematics in GSE could lead to identifying
age-specific training protocols that may enable person-
alized fall prevention strategies in this highly vulnerable
(aging) population. To that end, this study compared
head kinematics of healthy older adults with healthy
younger adults engaging in continuous GSE. We hy-
pothesized that, to maintain visual target stabilization,
older adults would (1) reduce the average peak velocity
(APV) during continuous head rotations, while (2) si-
multaneously increasing the duration of head rotation
cycles.

Materials and Methods

Study Participants

This study recruited a total of 48 participants in-
cluding younger (n = 25, 24 + 6 years, 60% female) and
older (n = 23, 66 + 5 years, 56% female) adults with
putative healthy vestibular function. Inclusion criteria
were (1) age between 18 and 30 years (younger adults) or
between 60 and 75 years (older adults); (2) normal or
corrected to normal vision (static dynamic visual acuity
(DVA) score >80, 20/20 ETDRS chart equivalent),
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Table 1. Demographic and clinical
characteristics of study participants

Younger (n = 25) Older (n = 23)

mean (£1 SD) mean (£1 SD)

Sex (male/female) 10/15 10/13
Age, years 249 (3.0) 66.7 (3.3)
Height, cm 170 (0.1) 170 (3.3)
Functional
StVA - LogMAR -0.09 —-0.05
Right DVA - LogMAR 0.21 0.22
Left DVA - LogMAR 0.21 0.22
FGA 29.9 (04) 28.2 (2.1)
TUG right, s 1 (0.9) 7.0 (0.8)
TUG left, s 1(0.7) 6.9 (0.8)
Gait speed, m/s 1.5 (0.2) 1.5 (0.2)
Physiological
VHIT right horizontal 0.98 (0.1) 0.97 (0.1)
VHIT right posterior 0.75 (0.2) 0.76 (0.1)
VHIT right anterior 0.85 (0.2) 0.94 (0.2)
VHIT left horizontal 0.93 (0.2) 0.91 (0.1)
VHIT left posterior 0.86 (0.2) 0.93 (0.1)
VHIT left anterior 0.69 (0.1) 0.7 (0.1)
Subjective
ABC 91.1 (17) 88.7 (20.4)
Headache 46.0 (8.5) 40.7 (5.4)
DHI 2.6 (5.3) 4.0 (6.8)
Beck anxiety 4.2 (5.1) 5.0 (4.4)

Data of younger and older adult participants including sex distribution along with
mean age, height, and scores in functional, physiological and subjective outcome
measures. Values presented as means = 1 SD show no statistically significant dif-
ference between age groups, nor within groups as per participant sex (e.g., male vs.
female). StVA, static visual acuity; DVA, dynamic visual acuity; TUG, timed up and go;
FGA, Functional Gait Assessment; ABC, activities-specific balance confidence scale;
DHI, the Dizziness Handicap Inventory; VHIT, video-head impulse test.

normal vestibular function (horizontal VOR gain [eye/
head velocity] >0.80), and the ability to stand and walk
independently without assistive devices. Participants
were excluded in case of a verified or self-reported history
of orthopedic, rheumatological, or neurological condi-
tions interfering with locomotion and/or continuous
head rotation (e.g., stiff neck). A history of position
dependent dizziness or vertigo (e.g., benign paroxysmal
positional vertigo) also encompassed the exclusion cri-
teria. The participants’ demographic and clinical char-
acteristics are summarized in Table 1. This study was
approved by the Johns Hopkins Institutional Review
Board and performed according to the institution’s
guidelines for safe and ethical research in human sub-
jects. Informed consent was obtained from all subjects
and/or their legal guardian(s) prior to data collection.

Head Motor Control Deteriorates with
Healthy Aging

Experimental Setup

This experiment involved a single testing session. It
was carried in a private room (2.5 m x 3 m) with no
obstacles between the participants and the wall. A
headband containing a single inertial measurement unit
(IMU, Shimmer3; Shimmer Research, Dublin, Ireland)
was placed on the participants” head for kinematic data
acquisition. The IMU rested on the back of their heads at
the midline between the eyes. In standing position,
participants were asked to perform six 30-s GSE in
standardized order from 1 to 6, as described in Table 2.
The exercises required active, continuous head rotations
while maintaining gaze fixation on the stationary
target — a letter “X” marked on paper. The exercises were
performed in pitch (vertical) and yaw (horizontal) di-
rections at eye level with the target fixated on the wall 1 m
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Table 2. List of continuous GSE

Exercise number Visual target location Participant-target distance Head movement direction (30”) Assigned exercise name

1 Wall Tm Pitch (vertical) 1-m wall fixed pitch
2 Wall Tm Yaw (horizontal) 1-m wall fixed yaw
3 Handheld Tm Pitch (vertical) 1-m handheld pitch
4 Handheld Tm Yaw (horizontal) 1-m handheld yaw
5 _Wall 2m _Pitch (vertical) 2m wall fixed pitch
6 Wall 2m Yaw (horizontal) 2-m wall fixed yaw

GSE, gaze stabilization exercises. The exercises vary in target type (e.g., fixed to the wall or handheld), target distance (e.g.,
1 m vs. 2 m), and direction of head movement, e.g., pitch (vertical) or yaw (horizontal). Each continuous GSE require subjects to

move their head repeatedly as fast as possible for 30 s.

(GSE 1 and 2) or 2 m (GSE 5 and 6) away, or handheld at
arm’s length (GSE 3 and 4). Participants were instructed
to move at their fastest pace provided the target did
not blur.

Outcome Measures

The study outcomes were classified as either functional,
physiological, or subjective and are described below, ac-
cordingly. Additional information on the outcome mea-
sures in this protocol is published elsewhere [29]. As for
when the experimental procedures were completed, after
the consent form signature, a headband (e.g., IMU) was
placed on the participant’s head. Then, all participants were
assessed with the functional measures in the order as de-
scribed in the clinical outcomes section. The six GSE were
completed in sequence, as presented in Table 2. Kinematic
measures were continuously assessed during the perfor-
mance of all GSE. After that, the headband was removed
and the subjective measures were verified, followed by the
physiological assessment (e.g., video head impulse test
[VHIT]) which completed the session.

Clinical Outcomes — Functional Measures

Dynamic Visual Acuity

The DV A test measures the ability to see clearly during
self-generated active head motion, a functional measure
of the VOR. The DVA scores were measured using a
portable laptop synced with a head motion IMU. A
Samsung Galaxy Pro tablet (Seoul, South Korea) was used
to present the visual stimuli and record the subjects’
visual acuity during head still (static) and yaw head
motion (dynamic) acuity scores. Static visual acuity was
measured while the subject sat 200 cm from the tablet.
Participants were required to distinguish one letter at a
time presented on the tablet. The letter was randomly
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selected from ten optotypes (capital letters CDHKN O S
R V Z). Visual acuity during active continuous (sinu-
soidal) head rotations is scored separately for right (e.g.,
left visual hemifield) and left (e.g., right visual hemifield)
head rotations. Each subject wore a single IMU attached
to a headband. This software generates the visual stimulus
once the IMU detects a head rotation velocity greater than
120°/s. Raw static and dyanamic visual acuity scores were
obtained and ranged from 0 to 100, where 100 indicates
no missed optotypes. The raw scores were then converted
to the logarithm of the minimal angle resolution (Log-
MAR) using the formula LogMAR = 1.7 — (visual acuity
raw score x 0.02). Possible LogMAR scores ranged
from —0.3 to 1.7 (Snellen equivalent of 20/10 to 20/800)
with LogMAR of 00 being the Snellen equivalent of 20/20.
Lower LogMAR scores (e.g.,<0) reflect better visual
acuity. Corrected DVA scores were then calculated by
subtracting static visual acuity from right and left DVA,
respectively and are shown in Table 1.

Timed Up and Go

The timed up and go (TUG) task measured each
subject’s ability to stand from sitting, walk 3 m, and turn
180 degrees before returning to seated position. Task
performance was scored by measuring the time between
when the back of the participant moved away from the
chair after the examiner said “go” to when they were
seated in the chair again. Each subject completed two
TUG trials, turning right and left, respectively, when they
passed the obstacle.

Gait Speed

The Ten Meter Walk Test measured the participants’
self-selected comfortable walking speed over a
10 m distance. The subjects started and stopped at least
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2 m beyond the 10 m range to ensure the measured gait
speed did not include the acceleration or deceleration
phases of the locomotion. Their mean gait speed was
computed over the 10 m distance.

Functional Gait Assessment

The Functional Gait Assessment (FGA) encompasses
10 unique walking exercises: (1) gait on a level surface, (2)
change in gait speed, (3) gait with horizontal head turns,
(4) gait with vertical head turns, (5) gait and pivot turn,
(6) step over obstacle, (7) gait with narrow base of
support, (8) gait with eyes closed, (9) ambulating back-
wards, and (10) steps. An experienced clinician scored
each task between 0 and 3 points, with 0 indicating severe
impairment and 3 indicating normal performance. FGA
scores less than 22 (30 total) are predictive of falls in older
adults [30].

Clinical Outcomes - Physiological Measures

Video Head Impulse Test

The vHIT (ICS Otometrics, Natus Medical Incorpo-
rated, Denmark) measures VOR gain (eye velocity/head
velocity) during passive head rotation. Subjects were
seated 1 m from a stationary visual target in room light.
Atleast 12 passive head rotations were performed in both
directions of three planes parallel to the three pairs of
semicircular canals: horizontal, right anterior/left pos-
terior, and left anterior/right posterior. Right eye and
head velocity were sampled at 220 Hz. vHIT traces were
deleted if the eye velocity trace preceded head velocity, if
the head velocity was below 100°/s, or if the passive head
rotation trace did not match the acceleration profile
suggested by the manufacturer.

Clinical Outcomes — Subjective Measures

Dizziness Handicap Inventory

The Dizziness Handicap Inventory (DHI) is a sub-
jective measure, based on a self-report questionnaire that
scores the impact of dizziness or unsteadiness on quality
of life. The scale consists of 25 items in functional,
emotional, and physical domains, with a total score of
0-100. A higher score corresponds with a worse self-
perceived level of disability.

Activities-Specific Balance Confidence Scale

The activities-specific balance confidence scale (ABC)
is a self-report measure of balance confidence. The
subjective measure consists of 16 self-report items in
which subjects rate their confidence of not losing balance
while performing various daily activities from 0 (no
confidence) to 100 (complete confidence). Previous

Head Motor Control Deteriorates with
Healthy Aging

studies suggested that the ABC score is an accurate in-
dicator of fall risk among individuals with vestibular
disorders.

Headache Impact Test

The headache impact test measures the impact
headaches have on a subject’s ability to function in daily
life. The scale consists of 6 items in which subjects report
how often (e.g., never, rarely, sometimes, very often, or
always) headache affects their daily activities. A higher
score corresponds with a worse self-perceived level of
disability.

Beck Anxiety Inventory

The Beck Anxiety Inventory is a self-report measure of
anxiety with 21 items in which subjects rate their anxiety
from: not at all (0), mildly (1), moderately (2), and se-
verely (4). The total score is the sum of the 21 items, with
a score of 0-21 indicating low anxiety, 22-35 indicating
moderate anxiety, and scores above 36 indicating a po-
tentially concerning level of anxiety.

Kinematic Measures

During each exercise, the subject’s angular head ve-
locity was recorded using a small (51 mm x 34 mm x 14
mm) MEMS sensor (Shimmer3 IMU; Shimmer Research,
Dublin, Ireland) that was securely and comfortably at-
tached to the back of the participant’s head using an
elastic head band. The data were sampled at 500 Hz and
recorded on a built-in micro-SD card. A low-pass But-
terworth filter at 50 Hz was applied to the kinematics
data, and a high-pass filter with 0.1 Hz cutoff frequency
was used to remove gyroscope drift prior to statistical
analyses. Kinematic measurements were calculated based
on the head angular velocity data, focusing on the di-
mension aligned with the direction of head motion
during the GSE (e.g., yaw in horizontal GSE and pitch in
vertical GSE were analyzed, respectively). Specifically, we
identified each repetition as the instructed head move-
ment. Each of these “cycles” was defined as the head
moving from one end (e.g., right or up) to the other end
(e.g., left or down) and back to the initial end. That is, a
cycle started when the head reached the farthest angular
distance in a given direction for the first time, ending
when the head returned to that starting point from the
opposite direction. We computed these kinematic mea-
sures based on movement cycles: (i) cycle duration: the
time duration to complete each cycle. We computed the
mean, standard deviation (SD), and coefficient of vari-
ation (CV) of cycle duration. For yaw and pitch motions,
we computed (ii) APV: the average of the range of
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rotational peak head velocity reached within the cycle,
across multiple cycles. (iii) Average peak velocity SD
(APV SD): the SD of the range of peak rotational head
velocity in each cycle, across multiple cycles. (iv) Mean of
SD: the average of the SD of the peak rotational head
velocity computed across all points of the cycle. Average
angular displacement (AAD): the average of the range of
side-to-side (or up-to-down) head displacement within
the cycle, across multiple cycles. (v) Average angular
displacement SD (AAD SD): the SD of the range of head
angular displacement in each cycle, across multiple cycles.
(vi) Mean of SD: the average of the SD of the rotational
head angular displacement computed across all points of
the cycle. Correlations between measurements were
calculated to reveal the patients’ head movement patterns.

Statistics

We performed non-parametric paired sample per-
mutation (re-randomization) tests for all comparisons
between kinematic and clinical measures from the ves-
tibular patients (pre- and postoperative) and age-
matched healthy controls. Specifically, p values were
computed for obtaining the test statistics for 2000 ran-
domized rearrangements of the observed data points. We
also computed the Pearson correlation coefficients and p
values of kinematic and clinical measures using Pearson
correlation. To examine whether trends were consistent
across exercises, we examined (i) whether correlations are
significant (p < 0.05) for most exercises and (ii) whether,
for all significant correlations, the relationship had the
same sign (i.e., correlation were consistently positive/
negative across exercises). The presence of a correla-
tion indicated that the performance in a specific GSE was
associated with a given clinical outcome measure in either
positive or negative fashion - that is, the greater the GSE
kinematic measure, the higher the outcome measure, and
vice versa, respectively. Throughout the text, values are
expressed as mean * 1 SD and significance is reported at
p < 0.05. All data processing and statistical tests were
performed using MATLAB (The MathWorks, Inc., Na-
tick, MA, USA).

Results

Overview

Younger and older participants were mostly equivalent
in terms of functional, physiological, and subjective
outcome measures (see Table 1). However, analysis of
head movement kinematics revealed significant differ-
ences between healthy older versus younger adults en-
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gaging in continuous GSE. Notably, the mean duration of
cycles of head rotation was significantly longer in older
adults compared to younger participants across all GSE.
Example data traces from one younger participant and
one older participant can be seen in Figure 1, where the
average cycle durations for younger adults (blue) versus
older adults (red) are compared below.

Aging Effects on Head Kinematics

As noted above, healthy older adults implemented
longer duration cycles of head rotation compared to that
of younger participants during GSE (Fig. 1). Both the
AAD and APV of cycles of head rotation, however, were
equivalent between the groups despite trends toward
greater AAD and reduced APV in older adults. These
results suggest that with aging, the angular amplitude and
peak velocity of continuous head rotation are maintained
at the expense of its increased duration (see online suppl.
Fig. 1 for additional information; for all online suppl.
material, see https://doi.org/10.1159/000540230). Indeed,
as shown in Figure 2, compared to younger participants,
older adults significantly delayed the completion of their
head rotations (e.g., increased mean cycle duration) while
attempting to maintain their gaze on the target as per
traditional GSE (see Methods). This strategy was de-
ployed regardless of the distance from the visual target
and across all GSE performed. Younger adults also
showed significantly higher APV SD and mean of SD
than older adults in yaw plane during all GSE in pitch
direction (e.g., 1-m wall fixed pitch, 1-m handheld pitch,
and 2-m wall fixed pitch, respectively). A summary of the
kinematic ranges during the continuous GSE performed
by younger and older adults is shown in Table 3 below.

We also performed analyses of the effect of age between
same sex groups (e.g., younger female vs. older female) and
of the effect of sex between different age groups (e.g., older
male vs. older female). As seen in Figure 2, comparisons
showed that older males and females took significantly
longer to complete head cycles in the 1-m wall fixed yaw
exercise compared to younger males and females. Addi-
tionally, compared to younger female participants, older
female participants also deployed longer cycles of head
rotation during the 1-m handheld pitch exercise. No other
significant difference was observed between younger versus
older male and female participants in respect to AAD, APV,
or duration of head rotation.

Finally, we observed significant correlations between
head movement kinematics and our standard functional,
physiological, and subjective outcome measures. These
findings are summarized in Figure 3a (younger) and b
(older).

Souza et al.
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Correlations between Head Kinematics and

Functional Outcomes

In younger adults, the APV in pitch head movement
was negatively correlated with the TUG test (right turn),
while the FGA only mildly negatively correlated with
duration variability (e.g., CV and SD) of head rotation
cycles (Fig. 3a, left). No correlations were observed be-
tween AAD and functional measures, except for AAD
variability negatively correlated with the TUG right and
FGA and gait speed positively correlated with AAD mean
SD and variability. In older adults, however, weak neg-
ative correlations with APV were observed for all func-
tional measures except gait speed and right DVA logMAR
score (left visual hemifield), which showed no correla-
tions (Fig. 3b, left). APV and APV variability in pitch and
yaw head rotations were correlated with left DVA log-
MAR scores (right visual hemifield). The latter also
correlated with APV mean of SD in yaw. The APV, APV
mean of SD, and APV variability were negatively cor-
related with the TUG in pitch head rotations. The TUG
also negatively correlated with the APV variability in yaw
GSE. The variability of head cycle duration (e.g., SD and
CV) negatively correlated with the FGA, which was also
observed for APV in pitch head rotations (Fig. 3b, left).
As in younger adults, AAD did not correlate with any
functional measures in older participants. AAD mean of
SD negatively correlated with left DVA logMAR scores
and TUG (right turn) in pitch and yaw and with FGA in
pitch. A positive correlation with gait speed was observed
in pitch head rotations. As for AAD variability in older
adults, it negatively correlated with the FGA in pitch and
yaw, with the TUG in pitch, and with left DVA logMAR
scores in yaw.

Correlations between Head Kinematics and

Physiological Outcomes (vHIT)

In younger adults, APV mean of SD and variability in
pitch and yaw GSE negatively correlated with mean vHIT
scores in both left and right directions, with the most
significant correlations observed in the horizontal plane,
bilaterally (Fig. 3a, center). As for the APV, it negatively
correlated with left horizontal vHIT gains in yaw and left
posterior gains in pitch GSE. Additionally, the APV
positively correlated with right posterior VHIT gains in

Fig. 1. Head rotation cycles. a Example range of average angular
displacement (AAD) data from one younger (blue) and one older
(red) healthy participant tested during continuous gaze stabili-
zation exercises (GSE) with a 1-m wall target in pitch (vertical) and
yaw (horizontal) head rotations. b Example range of average peak
velocity (APV) data from the same younger and older participants.

8 Gerontology
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yaw GSE. The CV of cycle duration negatively correlated
with VHIT gains, except for the right anterior and left
posterior planes. The mean cycle duration yielded a single
positive correlation with left horizontal vHIT gains. AAD
positively correlated with right posterior vHIT gains in
pitch and yaw. AAD mean of SD negatively correlated
with right and left horizontal and anterior vHIT gains in
pitch. AAD variability negatively correlated with right
anterior VHIT gains and left horizontal vHIT gains in
pitch, in addition to right horizontal vHIT gains in yaw.
In older adults, correlations with mean vHIT scores were
more scattered compared to younger adults and with an
inverted signal (positive vs. negative, respectively)
(Fig. 3b, center). Of the correlations older adults showed
between kinematic measures and mean vHIT scores,
most occurred in the right horizontal plane (left visual
hemifield), mainly in respect to APV and AAD mean of
SD. AAD only correlated with left posterior vHIT gains.
Older adults also presented correlations between CV of
cycle duration and mean right anterior, left horizontal,
and posterior VHIT scores. The mean cycle duration
yielded a single negative correlation with right posterior
vHIT gains.

Correlations between Head Kinematics and Subjective

Measures

In younger adults, the ABC showed negative corre-
lations with the CV of cycle duration, the APV mean of
SD and variability in pitch, and APV mean of SD in yaw
head rotations. The ABC also negatively correlated with
AAD mean of SD and variability in pitch (Fig. 3a, right).
The DHI was the only subjective measure to show a
correlation (negative) with the actual APV, seen in yaw
(horizontal) head rotations. The DHI positively corre-
lated with AAD mean of SD in yaw, along with the Beck
Anxiety and HIT scores. The latter also positively cor-
related with AAD mean of SD in pitch. Conversely, in
older adults, in addition to negative correlations with
APV mean of SD and variability, the ABC showed
negative correlations with the APV in pitch and yaw head
rotations (Fig. 3b, right). The ABC also correlated with
the AAD and mean of SD, but only the first correlation
was positive in pitch. The DHI was positively correlated
with APV mean of SD and variability in pitch head

Traces and shades (e.g., blue, red) show the mean and SD of AAD
and APV of head rotation, respectively. The center inset shows the
position of IMU and planes in which data were recorded. The bar
plots show the significantly difference in the mean cycle duration
of head rotation between younger and older participants across
all GSE.
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Fig. 2. Healthy aging significantly impacts head kinematics in con-
tinuous pitch and yaw movements - comparison of kinematic
measures between younger and older participants (left), younger male
and older male participants (center), and younger female and older
female participants (right). Columns correspond to different kine-
matic measurements, while rows correspond to the 6 continuous GSE

rotations. The DHI also positively correlated with vari-
ability of cycle duration. The HIT scores showed positive
correlations with APV in pitch and with the AAD in pitch
and yaw head rotations.

Altogether, correlation analyses between head kine-
matics and functional, physiological, and subjective
measures showed that VHIT is the most useful clinical
tool to inform kinematic behavior in younger adults (e.g.,
negative correlations). In older participants, however,
correlations with vHIT were scattered and overly positive;
instead, the functional outcome measures were the most
informative correlations between head kinematics and

aging.

Discussion

This study investigated the extent to which healthy
aging impacts head movement kinematics during six 30-s
continuous GSE. Compared to young adults: (1) older
participants moved significantly slower (e.g., increased

Head Motor Control Deteriorates with
Healthy Aging

performed. Asterisks, male (circle below diagonal arrow), and female
(circle above cross) symbols indicate differences at two significance
levels (*, 8, ?: 0.05; and **, 83, 29: 0.01). Symbols in black indicate
that the first group (e.g., younger) had lager values than the second
group (e.g., older). Gray symbols indicated that the first group had
smaller values than the second group.

duration of head rotation cycles), while (2) achieving
equivalent APV in pitch and yaw head rotations, across
all GSE. Additionally, (3) older adults took significantly
more time (e.g., delay) to complete cycles of head rotation
compared to younger participants in the yaw (horizontal)
direction, and (4) while gazing at a target fixed on the wall
1 m away from their standing position. Finally, within
group analysis showed that (5) the head kinematics
strategies implemented were mostly independent of sex
and hence similar between male and female participants
in both groups, although women seem to be more prone
to age-related adaptations as indicated by increased
variability.

Our findings showed that older participants main-
tained their head cycle AAD and APV equivalent to
that of younger participants at the expense of cycle
duration. This suggests a prioritization strategy for
control of head kinematics in which adaptations to
head cycle duration are initially implemented, pre-
cluding changes in head cycle APV and ultimately
AAD. This hierarchical assumption is further

Gerontology 9
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Table 3. Kinematic ranges during continuous GSE in younger (Y) and older (O) adults

Kinematic measures

1m wall fixed pitch  1m wall fixed yaw 1m handheld pitch

1m handheld yaw

2m wall fixed pitch  2m wall fixed yaw

-ﬂ?j c (Y) Mean Duration (s) 0.53+0.207 0.52+0.257 0.56+0.197 0.52+0.177 0.54+0.177 0.52+0.167
g 2 (0) Mean Duration (s) 0.70+0.32 0.73+0.27)" 0.72+0.26 0.64 +0.21 0.67 +£0.26 0.67 £0.26
9 g (Y) Duration SD 0.06 +0.03 X 0.08 +£0.07 0.06 +0.03 0.06 +0.03 0.04 +0.02 0.05 +0.03 .
S = (O) Duration SD 0.09 +0.07 0.11+0.06 0.09 +0.08 0.08 +0.05 0.06 +0.05 0.09 +0.06
© (Y) Duration CV 0.11+0.06 0.15+0.12 0.11+0.06 0.12 +0.06 0.08 +£0.03 0.11+0.07
(O) Duration CV 0.13+0.08 0.16 +0.09 0.11+0.06 0.13 +0.05 0.09 +0.05 0.13 +0.06
(Y) Pitch average (deg/s) 320.15+115.38 45.19 + 32.40 283.99 £ 95.70 39.43 +30.08 275.26 + 89.00 37.06 £ 34.39
(O) Pitch average (deg/s) 260.32 +89.27 30.95 +15.53 247.18 + 88.47 32.46 +22.95 259.38+92.72 32.03 £18.54
(Y) Pitch mean of SD 26.00 +9.89 11.61 +9.37 24.55 +11.08 9.70 +4.98 20.81+7.20 8.83+4.41
xS (O) Pitch mean of SD 29.93 £19.53 9.09 +3.84 23.15+9.17 9.00 +4.32 22.11+9.57 8.44 +4.58
& % (Y)Pitch variability 43.64 +16.70 17.22+12.74 39.50 £ 14.66 13.82+8.84 35.82 +14.90 12.76 £ 8.01
o :; (O) Pitch variability 46.48 +21.83 14.21+6.83 37.52+12.44 12.64 £ 6.69 39.70 + 16.87 12.63 +8.17
g 'S (Y) Yaw average (deg/s) 26.28 +20.42 447.89 +148.82 26.74 £ 15.07 437.60 + 147.44 24.89 +16.74 384.44 +125.61
Z E (O) Yaw average (deg/s) 19.26 + 11.58 388.25 + 146.15 22.90+18.31 388.34 +129.30 19.04 +12.76 371.37 £132.58
(Y) Yaw mean of SD 9.45+5.397 41.52+14.21 8.53+3.687 35.25+14.81 7.50+3.157 29.72 £10.88
(O) Yaw mean of SD 1.95+1.06 7.28 £2.87 2.12+3.03 6.60 +2.96 1.86 +1.63 6.23 £2.95
(Y) Yaw variability 14.80+11.087 81.83 £33.10 11.55+5.11 59.87 £ 26.26 11.30+5.23 53.68 +20.90
(O) Yaw variability 8.89+5.71 75.85 +33.01 8.27£4.15 66.12 +23.51 8.08+4.54)" 64.90 £ 25.74
(Y) Pitch average (deg) 26.56 +11.94 2.88+2.21 25.07 £12.15 2.60£1.76 23.58 £10.95 2.52+2.40
(O) Pitch average (deg) 26.94 +£11.11 2.96 £1.75 26.85 +10.83 2.84+2.20 27.15 £ 11.69 2.92+1.88
. (Y) Pitch mean of SD 4.58+1.81 4.03+2.46 4.73+2.28 5.03 £3.32 3.89+1.52 2.94+1.59
5 2 (O) Pitch mean of SD 5.83 £2.56 4.45+2.63 5.26+2.41 4.48+2.64 4.64+1.98 2.88+1.46
ES % (Y) Pitch variability 3.94+1.31 130+ 0.81}» 333+ 0‘92}» 1.27 +0.67 3.04+ 0'95}» 1.12+£0.56
£ § (0) Pitch variability 4.16+1.94 1.89 +0.92 4.07 +1.33 1.69 +0.98 3.89+1.63 1.45+0.78
§° g (Y) Yaw average (deg) 1.70 £1.10 38.33+22.51 1.94+1.02 37.47 +£17.48 1.75 £ 1.05 32.65+15.90
E & (O) Yaw average (deg) 1.67+1.32 43.15+20.54 2.21+2.05 38.90 £ 14.81 1.84+1.77 39.65 + 16.55
< 2 (Y) Yaw mean of SD 3.08 £3.13 6.94+£491 2.37 £2.06 6.89 £5.62 1.86+1.05 5.35+2.76
(O) Yaw mean of SD 1.95+1.06 7.28+2.87 2.12+3.03 6.60 £2.96 1.86+1.63 6.23 £2.95
(Y) Yaw variability 1.45+1.39 7.28+3.44 1.19+0.54 5.54 £1.75 1.05+0.39 5.10+1.427
(O) Yaw variability 1.01+0.48 7.75+3.84 0.98 +£0.50 6.85 +3.04 0.94 +0.45 6.64 +2.62

Mean duration of cycles of head rotation, APV in pitch and yaw, and AAD in pitch and yaw indicate the main outcome measures,
where mean duration of cycle rotation is the only measure significantly different between groups across all GSE. * p < 0.05.

**p < 0.01.

supported by the fact that, while AAD and APV were
not significantly different between groups, a trend
toward difference was observed in both outcome
measures, yet greater in APV. Hence, adaptations in
head displacement seem to be secondary to adaptations
in head velocity and likely to be deployed in more
complex tasks. Such task-based prioritization behaviors
are often reported in studies of aging and dual-task
locomotion (e.g., posture first vs. posture second
strategies) [31] but, to our knowledge, had not been
characterized in the context of head kinematics.
Interestingly, in this study, gait speed did not show
any correlations with the main head kinematic mea-
sures (e.g., mean cycle duration, APV, or AAD). This
suggests that despite being a reliable, age-dependent
predictor of morbidity and even incident disability

10 Gerontology
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[32, 33], gait speed should not be considered the sole
factor in determining incident risk among healthy
elderly. Conversely, our data showed that older adults
with gait speed equivalent to that of younger adults
still adapt their head movements (e.g., delayed com-
pletion of cycle duration and increased APV devia-
tions) to maintain visual target stabilization while
standing. Because variability of the gain of the VOR
and vestibular perception has been reported to in-
crease with head velocity [34], it is possible that older
adults increased head cycle duration in an attempt to
improve the afferent signal (e.g., VOR gain), favor
visual perception, and weaken the extent of noise
translated to the final motor output (e.g., head rota-
tion). Although such behavior could increase visuo-
spatial awareness, it likely favors visuo-vestibular
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noise that could result in loss of balance and increase
the risk of falls [35]. This assumption is in line with
evidence that older adults often fail to perceive loss in
motor affordance or to translate that awareness to
daily life, hence adopting nonconservative, dangerous
locomotor strategies [36].

The efficient integration of visual information fa-
cilitates stable postural control and is an essential
component of GSE. Aging, however, leads to decline in
visual affordance (e.g., processing times) [37], along
with visual (increased) and vestibular (decreased) re-
weighing [38]. Our results, however, showed that static
DV A logMAR scores were very similar between groups.
This indicates that static acuity assessment, while
sensitive to adaptations of visual acuity in response to
disease or advanced aging, is not sensitive enough to
detect early visuomotor adaptations in healthy older
adults. Conversely, negative correlations were observed
between dynamic visual acuity logMAR scores and
kinematic measures (head cycle APV and variability) in
older but not in younger participants and only for
leftward head rotations. This further suggests that
stabilization of the fixed target in the right visual
hemifield was not as efficient, justifying the compen-
satory kinematic adaptations observed.

Out of all clinical outcome measures, VOR perfor-
mance (e.g., VOR gains via VHIT) was the most in-
formative about head kinematics among GSE. Never-
theless, VOR performance was widely tied to kinematic
internal variability rather than head movement
adaptability, expressed as mean values of cycles of head
rotations in both groups. In general, correlations be-
tween head kinematics and VHIT suggest that the
greater the VOR/semicircular canal function, the
greater the control (e.g., less APV and cycle duration
variability) of head rotation cycles implemented by
younger adults. Conversely, in older adults, a trend
toward the inversion of such pattern was observed with
greater mean VHIT scores associated with lower control
(e.g., higher APV and cycle duration variability) of head
rotation cycles. This behavior translated to older
participants with higher VOR implementing greater
APV deviations in both pitch and yaw GSE. This result
is consistent with the prior reports that during dual-
task while standing, healthy older adults have the ca-
pacity to tolerate increases in motor instability (e.g.,
postural control variability) to better accommodate a
parallel visuo-cognitive task (e.g., target fixation) [39].
These adaptations to APV, however, did not translate
to significant differences compared to younger adults as
opposed to what was seen here for cycle duration. In the

Head Motor Control Deteriorates with
Healthy Aging

context of cycle duration, the increase in visual pro-
cessing times in older age [37] may further explain the
deployment of delayed head rotations as means to
prolong visual target stabilization. Increasing cycle
duration variability would also be helpful at preventing
the expression of visuo-vestibular symptoms (e.g.,
dizziness), which indeed were not reported by either
younger or older study participants.

Regarding the subjective measures in both younger
and older adults, the ABC was the most informative,
although under different patterns. That is, for younger
participants, the ABC negatively correlated with APV SD.
In older adults, in addition to negative correlations with
APV SD and mean of SD, the ABC showed significant
negative correlations with the APV mean in pitch and
yaw head rotations. These results suggest that deterio-
ration of range of velocity during controlled gaze fixation
first manifests at the variability level (e.g., internal
modulation) for as long as this compensatory “young
strategy” (e.g, APV modulation) is still effective to
maintain the final motor performance. With aging, this
initial compensatory strategy would no longer be effec-
tive, which in turn would lead to deterioration at the final
motor output (e.g., external modulation) along with in-
creased movement variability.

A greater delay in the completion of yaw head rota-
tions was observed in older adults gazing at a 1-m target
fixed on the wall. This result suggests that regulating
continuous GSE in yaw plane with near targets may be
more challenging in terms of sensorimotor integration
than pitch motion or doing GSE in either pitch or yaw
motion at far target distances. We find this surprising, at
least in part, since pitch head rotations impose the si-
multaneous integration of sensory information from
more afferent signals (e.g., 4 vertical canals and the otolith
organs) compared to yaw head rotations (e.g., 2 hori-
zontal canals), which in theory should have added
complexity to cortical processing. Instead, the greater
delay seen in yaw may be associated with the fact that in
horizontal head rotations, visual disparity is constantly
impacted by facial structures (e.g., nose) which tempo-
rarily block one hemifield versus the other, unlike visual
fixations in pitch. This transitional hemifield blockage
would have caused perceptual deficits such as described in
monocular observers to whom facial structures reduce
gaze fixation affordance, especially when viewing time is
limited [40]. This argument is further supported by ev-
idence that horizontal disparity is the primary driver to
effective position (depth) perception [41], while vertical
disparity may favor direction perception [42] - less
relevant in the context of fixed targets as presented in our

Gerontology 11
DOI: 10.1159/000540230

202 Jequialdag g uo Jasn AjsieAlun sumdoH suyor NHF Aq Jpd-0£20+5000/5889227/0£207S000/65 | L0 L/10p/4pd-ajoiue/1a6/woo sebaes/:dyy woly papeojumoq


https://doi.org/10.1159/000540230

Fig. 3. a Correlations
between the kinematic
and clinical measures
during the 6 continu-
ous gaze stabilization
exercises (GSE) per-
formed by younger
older adults. b Corre-
lations between the ki-
nematic and clinical
measures during the 6
continuous gaze stabi-
lization exercises (GSE)
performed by older
adults. Green and red
squares reflect positive
and negative correla-
tions, respectively.
Brightness and number
in the squares indicate
the number of exercises
(1-6) with a significant
correlation (p < 0.05).
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design. Another potential aspect influencing head cycle
duration was cervical joint proprioception, as cervical
joint position error tends to increase with aging [43]. Such
sensory loss likely leads to less consistent repositioning of
the head in respect to visual targets, which based on our
results appears to further aggravate sensory integration in
yaw versus pitch head rotations during proximal visual
target fixations.

Finally, the ability to maintain head rotation AAD and
APV equivalent to that of younger participants during
GSE while only adapting/modifying movement cycle
duration may be associated with the combination of
multiple factors. These factors include the presence of
efficient vestibular function (normal vHIT) and visual
acuity (normal DVA), paired with a locomotor apparatus
not affected by disease (healthy older). Additionally, the
reduced demand for dynamic balance control in static
standing (no gait involved) could have favored the out-
comes observed.

This study has some limitations which may affect the
generalizability of the results reported. For instance, eye
tracking was not used. Although eye tracking should
increase our understanding of gaze behavior during
GSE, head kinematics are known to be reliable at in-
forming behavioral modifications during GSE in re-
sponse to sensorimotor integrative conflicts caused by
disease [21] or, in our case, aging. Second, it is also
possible that our study suffered a selection bias and
recruited a sample of highly functional older adults,
which may explain some of the equivalency in perfor-
mance observed between groups. We did attempt to
mitigate such confounds by implementing multiple
recruitment strategies and using a balanced sample
distribution (e.g., size and sex). Moreover, our results are
in line with previous research in healthy older adults
where participants eventually deployed some behaviors
equivalent to those of younger participants [36]. Other
relevant aspects which were not controlled in our design
were largely due to logistical challenges and include
tracking the weight and dimensions of the head, as well
as the motor affordance (e.g., strength, recruitment,
density) of neck muscles. The first could have influ-
enced, for instance, head movement velocity. The sec-
ond may have affected, for instance, the range of head
rotation. While not controlled, it is unlikely that those
aspects significantly affected our results given the
consistency in performance within and between groups,
along with the fact that some of the exclusion criteria
(e.g., orthopedic or rheumatologic conditions precisely
including neck stiffness) would have further mitigated
such influence. Finally, we did not control for hand-

Head Motor Control Deteriorates with
Healthy Aging

edness which can play an important role in the control of
continuous movement. However, considering that the
vast majority (~90%) of the world population is right-
handed, it is likely that our sample was mostly composed
of right-handed individuals.

Conclusions

In this study, we found that healthy aging alone
imposes delays to cycles of continuous head rotations
during gaze fixation in standing. We also identified that
head kinematic control is further compromised in yaw
versus pitch and while fixating near versus far visual
targets. These behaviors contribute to loss of balance
and the risk of falls while performing daily tasks of
similar context. Such risk was further highlighted by
the fact that older participants fail to perceive the
delayed completion of their head motion control and
implement gait speed equivalent to that of younger,
optimally functional participants. In this context, it
should be noted that unlike the widespread awareness
of the benefits of cardiovascular exercise to prevent falls
(e.g., hypotension), the potential of GSE to improve
balance and prevent injury in the elderly is currently
overlooked. Finally, this study suggests that older age
should be considered by clinicians prescribing and/or
interpreting GSE, which may need to be adapted in
respect to both individual affordance and the distance
where visual targets are placed.
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