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ARTICLE INFO ABSTRACT

Section Editor: Christiaan Leeuwenburgh The purpose of this study was to explore the effects of arm movements on postural control when standing under
different sensory conditions in healthy young and older adults. Fifteen young (mean =+ SD age; 21.3 + 4.2 years)
and 15 older (mean + SD age; 73.3 + 5.0 years) adults completed the modified Romberg test, which uses four
task manipulations (i.e. eyes open and eyes closed on a firm and foam surface) to compromise the fidelity of
sensory feedback mechanisms. Each participant completed the tasks under two arm movement conditions:
Postural strategy restricted and free arm movements. Centre of pressure (COP) range and frequency were calculated to charac-
Upper limbs terise postural performance and strategy, respectively. Older adults showed greater COP range with restricted
Age compared to free arm movements during all modified sensory conditions, with these effects most prominent in
the medio-lateral (ML) plane (all p < .05, Cohen's d = 0.69-1.61). Compared to the free arm movement con-
dition, there was an increase in ML displacement and frequency when arm movements were restricted during
only the most challenging (i.e. vestibular dominant) task in young adults (all p < .05, d = 0.645-0.83). Finally,
main age effects for the arm restriction cost (p < .05) indicates a greater reliance on an upper body strategy in
older compared to young adults, independent of sensory availability/accuracy. These findings indicate that older
adults compensate for the loss of accuracy in sensory input by increasing reliance on upper body movement
strategies.
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1. Introduction for an upper body strategy is drawn largely from research reporting that

postural control declines when the arms are constrained compared to

Traditional conceptualisations view the control of unperturbed up-
right stance as involving two distinct muscle synergies, often referred to
as ankle and hip strategies (Blenkinsop et al., 2017; Gatev et al., 1999). It
is firmly established that an ankle strategy — which moves the whole
body as single-segment inverted pendulum with counteractive torques
at the ankle joint — is usually sufficient to minimise body sway during
upright bidepal stance (Di Giulio et al., 2009; Horak, 2006; Morasso
et al., 2019). However, more challenging tasks — such as standing on a
narrow or foam surface — often involve the use of a hip strategy, which
moves the body as a double-segment inverted pendulum with counter-
phase motion at the ankle and hip (Amiridis et al., 2003; Kuo and Zajac,
1993; Morasso, 2022). Recent work has also given considerable prom-
inence for the existence of an ‘upper body strategy’ complementing the
ankle and hip strategies during unperturbed stance. Empirical support
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when they are used freely, particularly during challenging lateral bal-
ance tasks in which the hip strategy is predominant (Bostrom et al.,
2018; da Silva Costa et al., 2022; Hill et al., 2019; Johnson et al., 2023;
Muehlbauer et al., 2022a, 2022b, 2022c; Objero et al., 2019; Patel et al.,
2014). These collective findings suggest that arm movements serve as an
integral component of unperturbed balance performance.

We have recently reported that older, compared to young adults,
place a greater reliance on arm movements to correct postural errors
during quiet standing, with the arm restriction cost (i.e., the difference
in performance between free and restricted arm movement conditions)
effects most pronounced in the medio-lateral (ML) plane (Johnson et al.,
2023). In addition to impaired postural performance (i.e., increased
centre of pressure [COP] amplitude), an increase in COP frequency has
also been observed with restricted arm movements (Johnson et al.,
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2023). This was interpreted as an adaptive response from the central
nervous system to increase ankle muscle stiffness (i.e., ‘tighter’ postural
control) in situations of greater postural instability. The observed ML
instability during restricted arm movement conditions, coupled with the
increase in COP frequency among older adults, was attributed to age-
related decrements in motor capacity and sensory function (Johnson
et al., 2023). Yet, no studies have explored how age-related loss of
sensory function influences the interaction between arm movements and
standing postural control when the availability of sensory information is
progressively and systematically manipulated.

Several assessment protocols have been devised to isolate the rela-
tive contributions of sensory inputs to postural control. For example, the
modified Romberg test uses various task manipulations (i.e., closing the
eyes to exclude vision and/or standing on foam to disrupt reduce pro-
prioceptive precision) to compromise the fidelity of one or more sensory
feedback sources (Lord et al., 1991; Shumway-Cook and Horak, 1986).
Given the decline in sensory function with aging (Patel et al., 2009), it is
unsurprising that older adults experience greater difficulty minimising
postural sway during sensory feedback perturbations (e.g., removed
vision and altered proprioception) compared to young adults (Anson
etal., 2017; Baudry and Duchateau, 2012; Choy et al., 2003; Peterka and
Black, 1990). Within the context of multisensory control of balance, it
seems logical that a compensatory upper body strategy should, there-
fore, be more evident when visual and proprioceptive information are
removed or made less accurate. Additionally, despite previous research
recommending that arm placement and movement during balance as-
sessments should be clearly defined and described (Milosevic et al.,
2011; Hébert-Losier, 2017; Hill et al., 2019; Objero et al., 2019), in-
consistencies persist both in clinic and in the literature. It is therefore
important to explore how arm placement affects performance in clinical
balance tests.

Against this background, this experiment was designed to determine
whether arm movements influence postural control when standing
under different conditions of availability and/or accuracy of proprio-
ceptive and visual information in young and older adults. Our hypoth-
eses were that (1) the amplitude and frequency of COP displacements
would be greater during restricted compared to free arm movement
conditions; (2) the de-stabilising effect of restricted arm movements
would be more evident in modified sensory compared to normal (un-
altered) conditions, as evidenced by greater displacements of the COP
and a greater arm restriction cost (ARC); (3) the de-stabilising effect of
restricted arm movements under modified sensory conditions will be
larger in older compared to young adults, particularly in the ML plane.

2. Methods
2.1. Participants

Previous research has reported very large magnitude effect sizes for
comparable outcomes during free and restricted arm movement condi-
tions among both young and older adults (Johnson et al., 2023). A power
analysis determined that a minimum of 15 participants would be
required to obtain 80 % power (large effect size, f = 0.40, p = .05) when
conducting a 2 (arm movement; free vs restricted) x 4 (balance condi-
tion; eyes open firm vs eyes closed firm vs eyes open foam vs eyes closed
foam) way repeated measures ANOVA. Fifteen young (18-35 years) and
15 older (> 65 years) adults were recruited (Table 1). Inclusion criteria
were age 18-35 and > 65 years. We excluded individuals suffering from
any problems that may interact with postural control, including (1)
musculoskeletal dysfunction, (2) neurological impairment, (3) ortho-
paedic pathology, (4) dementia, (5) medications which could depress
the nervous system, and (6) any recent injury. All participants volun-
tarily enrolled in this study and provided written informed consent. The
experimental procedures were carried out in accordance with the stan-
dards outlined in the declaration of Helsinki (1964) and the study
received approval by an institutional ethics committee.
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Table 1
Mean =+ SD participant characteristics.
Young Older adults  p value
adults (n=15)
(n=15)
Sex (women; n) 7 7
Age (years) 21.3+ 4.2 73.3 £5.0 0.001
Body height (m) 1.70 + 0.09 1.66 + 0.14 0.693
Body mass (kg) 66.7 + 16.2 70.4 + 16.5 0.390
BMI (kg/m?) 22.9 + 4.4 25.2 + 4.4 0.234

Falls in previous year, # of participants 6/15 (40 %)  0.010

(%)

0/15 (0 %)

FES-I (16-64) 16.6 + 0.5 21.3 +4.7 0.001

IPAQ total activity (minewk. ') 219.7 + 146.7 + 0.016
94.0 57.2

TUG (s) 5.03 + 0.80 7.70 + 1.53 0.001

TMT-B (s) 28.0 +£ 6.2 48.9 +18.5 0.001

BMI; body mass index, FES—I; falls efficacy scale-international, I-PAQ; inter-
national physical activity questionnaire, TUG; timed-up-and-go test, TMT—B;
trail-making test part-B. Bold values indicate statistically significant differences
between age groups (p < .05).

2.2. Baseline characteristics

Prior to experimental trials, participants completed baseline assess-
ments, which served to characterise both age groups and confirm that
participants met the inclusion criteria for the study (Table 1). Partici-
pants initially completed questionnaires for physical activity (Interna-
tional Physical Activity Questionnaire [[-PAQ]) (Lee et al., 2011) and
concern about falling (16-item Falls Efficacy Scale International
[FES—I] (Yardley et al. (2005)). As a measure of functional mobility,
participants completed the Timed-Up-and-Go Test (TUG), as described
by Podsiadlo and Richardson (1991). This test involves participants
being timed whilst they stand up from a chair, walk three metres, turn
around, and return to the chair and sit back down. The Trail Making Test
part-B (TMT—B) was used to evaluate executive function (Lezak et al.
2004).

2.3. Experimental procedure

During a single visit to the laboratory, participants completed the
modified Romberg test in which sensory information that is available
and reliable is progressively manipulated across four conditions. In first
condition, participants stand on a firm surface with the eyes open (EO-
FI), where all three sensory systems are uncompromised (i.e., “normal”;
Fig. 1A). The second condition represents the “proprioceptive domi-
nant” trial (Fig. 1B), where vision is removed by closing the eyes while
standing on a firm surface (EC-FI). The next condition represents the
“visual dominant” trial (Fig. 1C), where reliability of proprioceptive
stimuli is manipulated by having the participant stand on a foam surface
with the eyes open (EO-FO). The final condition represents the
“vestibular dominant” trial (Fig. 1D), where participants stand on a foam
surface with the eyes closed (EC-FO), removing vision and reducing the
precision of proprioception. To ensure consistency between trials, par-
ticipants stood with the feet together (right and left hallux and calcaneus
together). We used a foam block (Balance-pad Plus, Alcan Airex AG,
Switzerland; 50 cm in length and breadth, 6 cm in height and a density
of 0.55 kg/m®) for the foam task conditions. Throughout all tests, the
investigator stayed close to the participants to prevent falling but
without interfering with balance performance. Each task was performed
under two conditions: (1) hands clasped in front of the body (i.e.,
restricted arm movement) and (2) arm movement without restriction (i.
e., free arm movement). For the free arm movement condition, partici-
pants were instructed they could move their arms freely and to their
advantage. For the restricted arm position, compliance to the in-
structions was monitored visually by the investigators. After one prac-
tice trial, balance performance was assessed in two blocks (free vs.
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Fig. 1. Schematic of the different sensory conditions and arm positions.
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Fig. 2. Violin plots showing differences in standing balance outcomes between free and restricted arm movement conditions across the four sensory conditions in
young adults. Each violin represents the median (centre line), 25th % (bottom of the violin) and 75th % (top of the violin) percentile. *Statistically significant
difference between free and restricted arm movement conditions (p < .05). Please refer to Table 2 for mean values + SD and Table 3 for ANOVA outputs for all
assessed variables.
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Fig. 3. Violin plots showing differences in standing balance outcomes between free and restricted arm movement conditions across the four sensory conditions in
older adults. Each violin represents the median (centre line), 25th % (bottom of the violin) and 75th % (top of the violin) percentile. *Statistically significant
difference between free and restricted arm movement conditions (p < .05). Please refer to Table 2 for mean values + SD and Table 3 for ANOVA outputs for all

assessed variables.

restricted), each consisting of three trials for each task. The order of the
two blocks was randomised between participants. Participants
completed the ‘normal [EO-FI], ‘proprioception dominant’ [EC-FI], ‘vi-
sual dominant’ [EO-FO], and ‘vestibular dominant’ [EC-FO] conditions
in that order. Participants were asked to step off the plate and rest be-
tween trials for at least 30 s. Overall, testing of one participant
comprised 24 recorded 30-s data-collection trials. The average of the
three trials for each task was used for further analysis. During all trials,
participants were asked to stand quietly on a force platform. During eyes
open trials, participants were asked to gaze at a black circle (10 cm
diameter) three metre from the force platform, which was adjusted to
the eye level of each individual. All participants stood barefoot.

2.4. Data analysis

Ground reaction force data were sampled at 100 Hz (Netforce, AMTI,
Watertown, MA) and filtered using a fourth-order low-pass (6 Hz) But-
terworth filter (BioAnalysis V2.2, AMTI, Watertown, MA) prior to
calculation of centre of pressure (COP) parameters. The maximal
displacement of the COP (range) in the mediolateral (ML) and ante-
roposterior (AP) directions (cm) were calculated to express the distance
between the most distal points of the COP displacement, whereby

greater values represent poorer postural stability (Prieto et al. 1996). We
also calculated the mean power frequency (MPF; mean frequency in
power spectrum after fast Fourier transformation) of COP data in both
the ML and AP directions (Hz). MPF was derived following removal of
the bias value from the signal. MPF has been viewed as a proxy index of
ankle stiffness—the higher the frequency of COP displacements, the
higher the stiffness around the ankle joint (Warnica et al., 2014). MPF
was used to explore whether participants rely more on an ankle stiff-
ening strategy in conditions where arm movements are restricted, and
thus they are unable to rely on an ‘upper body’ strategy (Johnson et al.,
2023). Whilst we acknowledge potential limitations of calculating MPF
for 30-s samples (Carpenter et al., 2001), it was not feasible to collect
data for longer sampling durations due to the challenging nature of the
postural tasks used in the present study (i.e., standing on a foam surface
with the eyes closed for 60 s would have been too challenging for some
older adults). However, given that that we were primarily interested in
changes in high frequency COP displacement associated with ankle
stiffening strategies which is less affected by shorter sampling durations
(Carpenter et al., 2001), we do not deem this a major limitation.
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Fig. 4. Violin plots of the arm restriction cost (ARC) for age group (young vs. older adults) and sensory condition (normal, proprioception, visual and vestibular
dominant) for (A) ML-Range and (B) AP-Range. Each violin represents the median (centre line), 25th % (bottom of the box) and 75th % (top of the box) percentile. §
indicates a statistically significant main effect of sensory condition. ¥ indicates a statistically significant main effect of age. Please refer to Table 4 for mean values +

SD and Table 5 for ANOVA outputs for all ARC variables.

2.5. Arm restriction cost

To quantify the difference in performance between free and
restricted arm movement conditions, we calculated the arm restriction
cost (ARC) according to the previously described formula (Johnson
et al., 2023): [(restricted arm condition — free arm condition) / free arm
condition) * 100]." A positive ARC value reflects poorer postural control
(i.e., increased COP amplitude) in the restricted arm condition
compared with the free arm condition. Negative values on the other
hand represent improved postural control (i.e., decreased COP ampli-
tude in the restricted arm condition). The ARC has previously been
shown discriminate between age and task difficulty (Johnson et al.,
2023).

2.6. Statistical analysis

Data were analysed using SPSS version 25.0 (IBM Inc., Chicago, IL).
For all analyses, assumptions of normality (Shapiro-Wilk Test) and
homogeneity of variance/sphericity (Mauchly Test) were checked and
met prior to conducting parametric analyses. As we have previously
observed marked age-related differences in the effects of arm restriction
on postural control during normal (i.e., no sensory restriction) quiet
stance (Johnson et al., 2023), and due also to ‘normal’ Romberg per-
formance (i.e., without the restriction of arms) showing clear age-
related effects (Agrawal et al., 2011; Goble et al., 2020), we first ana-
lysed young and older adult groups separately. A series of two-way
analysis of variance (ANOVA) were undertaken to test for the within-
subject effects of arm (x 2 [free vs. restricted arm movement]) and
sensory condition (x 4 [EO-FI vs. EC-FI vs. EO-FO vs. EC-FO) in
dependent variables. We next analysed the ARC outcomes using two-
way mixed model ANOVAs for the within-subject effects of sensory
condition (x 4 [EO-FI vs. EC-FI vs. EO-FO vs. EC-FO) and the between
subject effects of age (x 2 [young vs. older adults]). The ARC outcomes
were analysed for our performance outcome (COP amplitude). Where
significant interactions or main effects were detected, post-hoc analyses

! Note, if better task performance is instead characterised by a higher value (e.
g., margins of stability, whereby higher values reflect greater postural stability
during gait), ARC is instead determined using the following equation:
[(restricted arm condition — free arm condition) / free arm condition) * (—100)]

using Bonferroni-adjusted a determined the location of any differences.
For ANOVA, effect sizes are reported as partial eta-squared value (42).
The magnitude of differences between trials was expressed as stand-
ardised mean difference (Cohen's d effect sizes). Threshold values for
Cohen's d statistics were < 0.20 = trivial; 0.20-0.59 = small; 0.60-1.1 =
moderate, and > 1.20 = large. The alpha value was a priori setatp < .05
for all tests.

3. Results
Tables 2 and 4 presents the mean values £ SD for all balance

Table 2

Mean =+ SD for all standing COP outcomes for the young and older adults under
free versus restricted arm movement positions by sensory condition. Please see
Figs. 2 and 3 for graphical representation of balance outcomes.

Condition Young adults Older adults

(n=15) (n=15)

Free Restricted Free Restricted
Normal (FIEO)
ML-Range (cm) 2.16 + 0.56 2.46 + 0.58 2.72 + 0.57 2.94 +0.39
AP-Range (cm) 2.15 £ 0.67 2.44 £ 0.55 2.66 £ 0.93 2.73 £ 0.68
ML-MPF (Hz) 0.37 + 0.09 0.37 + 0.11 0.37 + 0.14 0.39 + 0.14
AP-MPF (Hz) 0.25 + 0.10 0.24 + 0.09 0.28 + 0.30 0.12 + 0.13
Proprioceptive dominant (FIEC)
ML-Range (cm) 3.38£1.11 3.75+£1.45 410 £1.23 5.51 £ 2.61
AP-Range (cm) 3.20 £1.01 3.46 £ 1.13 4.05 £ 1.51 4.56 + 1.85
ML-MPF (Hz) 0.38 + 0.10 0.38 + 0.13 0.49 + 0.13 0.47 £ 0.14
AP-MPF (Hz) 0.29 + 0.15 0.29 + 0.09 0.40 + 0.17 0.39 + 0.16
Visual dominant (FOEO)
ML-Range (cm) 3.71 £ 0.72 3.61 + 0.57 4.73 £ 0.91 6.14 + 2.04
AP-Range (cm) 3.66 £ 0.77 4.07 £ 0.78 4.76 £ 1.36 5.71 £1.19
ML-MPF (Hz) 0.48 + 0.09 0.49 + 0.15 0.52 + 0.08 0.51 + 0.10
AP-MPF (Hz) 0.31 £ 0.09 0.31 £0.11 0.42 £ 0.15 0.44 £0.15
Vestibular dominant (FOEC)
ML-Range (cm) 6.37 +£1.26 7.85 + 1.4* 7.39 +1.49 11.00 + 2.81
AP-Range (cm) 7.73 £ 2.04 8.04 £ 1.69 7.82 £ 1.09 9.05 £ 1.67
ML-MPF (Hz) 0.53 + 0.14 0.62 + 0.14 0.52 + 0.07 0.62 + 0.13
AP-MPF (Hz) 0.48 +0.11 0.53 + 0.09 0.50 + 0.12 0.57 +0.13

AP; anteroposterior, ML; mediolateral, MPF; mean power frequency.*
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Table 3

Main and interaction effects of the repeated measures ANOVA for standing
balance outcomes. Please see Figs. 2 and 3 for graphical representation of bal-
ance outcomes.

Experimental Gerontology 184 (2023) 112338

Table 5

Main and interaction effects of the repeated measures ANOVA for arm restriction
cost standing balance outcomes. Please see Fig. 4 for graphical representation of
ARC outcomes.

Outcome Main effect: Main effect: Interaction effect: Outcome Main effect: Main effect: Interaction effect:
Arm movement Sensory condition Arm movement x Age Sensory condition Age x Sensory
Sensory condition condition
F p (1) F p (1) F p (1) F p (1) F p () F p ()
1,14) (3,42) (3,42) (1,28) (3,84) (3,84)
Young adults ML- 5.422 0.027 3.202 0.027 1.401 0.248
ML- 5.788 0.031 133.5479 0.001 5.253 0.004 Range (0.162) (0.103) (0.048)
Range (0.293) (0.905) (0.273) AP- 28.520 0.001 0.273 0.844 1.405 0.247
AP- 6.561 0.023 157.673 0.001 0.068 0.977 Range (0.505) (0.010) (0.048)
Range (0.319) (0.918) (0.005) — - - 3
ML-MPF 2.916 0.159 19.517 0.001 3.938 0.032 ARC; arm restrlctl;)n cost, AP; anteroposterior, ML; med1201atera1, Note; 7, < 0.12
0.137) (0.582) (0.188) indicates small, 75 0.13-0.25 indicates medium, and #; > 0.26 indicates large
AP-MPF 0.374 0.551 34.846 0.001 1.240  0.307 effects. Bold values indicate statistically significant effects (p < .05).
(0.026) (0.713) (0.081)
comparisons indicating significantly greater ML-Range in EC-FI, EO-FO,
Older adults and EC-FO (all p < .001) compared to EO-FI. AP-Range was also
ML- 44399 0.001 83.854 0.001 5571 0.003 significantly greater in EC-FO compared to EC-FI and EO-FO (both p =
Range (0.760) (0.857) (0.285) 001)
AP- 13.940 0.002 160.662 0.001 1.848 0.153 : .
Range (0.499) (0.920) (0.117)
ML-MPF  5.243 0.038 10.035 0.001 6.292  0.001 3.1.2. AP-Range
(0.272) (0.418) (0.310) There was no significant arm movement x sensory condition inter-
AP-MPF 10.824 0.005 8.919 0.001 2.108 0.114 : o g .
action for AP-Range (p =. . However, there was a significant main
(0.436) (0.389) (0.131) Range (p =.977) ’ &

AP; anteroposterior, ML; mediolateral, MPF; mean power frequency. Note; ;7}2, <
0.12 indicates small, 7% 0.13-0.25 indicates medium, and 72 > 0.26 indicates
large effects. Bold values indicate statistically significant effects (p < .05).

Table 4

Mean =+ SD for ARC outcomes for the young compared to the older adults by
sensory condition. Please see Fig. 4 for graphical representation of ARC
outcomes.

Condition Young adults Older adults
(n=15) (n=15)

Normal (%)

ML-Range 17.5 + 28.6 11.4 +£21.3

AP-Range 22.3 +£459 7.0 £25.2

Proprioceptive dominant (%)

ML-Range 13.6 + 31.4 34.3 + 51.0

AP-Range 10.7 £+ 20.5 20.0 + 39.9

Visual dominant (%)

ML-Range 0.24 +22.5 32.7 + 48.7

AP-Range 12.3 +£15.9 26.9 + 40.7

Vestibular dominant (%)

ML-Range 29.8 +43.4 55.1 +56.0

AP-Range 7.1 £22.5 17.8 £27.2

AP; anteroposterior, ML; mediolateral, MPF; mean power frequency.

outcomes and Tables 3 and 5 provide the ANOVA outputs for all assessed
variables.

3.1. Young adults

3.1.1. ML-Range

As reported in Table 3, there was a significant arm movement X
sensory condition interaction (p = .004), for ML-Range. Multiple com-
parisons tests revealed a significant increase in ML-Range from free to
restricted arm movement in EC-FO only (p = .019, d = 0.83). A main
effect of arm movement was also observed, with ML-Range greater in the
restricted compared to free arm condition (p = .031). There was also a
significant main effect of sensory condition (p = .001), with pairwise

effect of arm movement (p = .023), with AP-range greater in the
restricted compared to free arm condition. A main effect was also
observed for sensory condition (p = .001), with pairwise comparisons
indicating significantly greater AP-Range in EC-FI, EO-FO, EC-FO (all p
< .001) compared to FI-EO. AP-Range was also significantly greater in
EC-FO compared to EC-FI and EO-FO (both p = .001).

3.1.3. ML-Frequency

There was a significant arm movement x sensory condition inter-
action (p = .032) for ML-MPF. Multiple comparisons tests revealed a
significant increase in ML-MPF from free to restricted arm movement in
the vestibular condition only (p < .001, d = 0.64). Although there was
no main effect of arm condition (p = .159), there was a main effect of
sensory condition (p < .001). Pairwise comparisons indicated a signifi-
cantly greater ML-MPF during EC-FO compared to EO-FI and EC-FI (both
p = .001). ML-MPF was also significantly greater during EO-FO
compared to EC-FI (p = .050).

3.1.4. AP-Frequency

With respect to the AP-MPF, there was a main effect of sensory
condition (p < .001), but the main effect of arm movement (p = .551)
and the arm movement X sensory condition interaction (p = .307) were
not significant. Pairwise comparisons indicate significantly greater AP-
Range in EC-FO compared to EC-FI and EO-FO (both p = .001).

3.2. Older adults

3.2.1. ML-Range

There was a significant arm movement X sensory condition inter-
action (p = .003), for ML-Range. Multiple comparisons tests revealed a
significant increase in ML-Range from free to restricted arm condition in
the EC-FI (p =.023, d = 0.69), EO-FO (p = .018, d = 0.89), and EC-FO (p
< .001, d = 1.61) conditions. A main effect of arm movement was also
observed, with ML-Range greater in the restricted compared to free arm
condition (p = .001). There was also a significant main effect of sensory
condition (p = .001), with pairwise comparisons indicating significantly
greater ML-Range in EC-FI (p = .003), EO-FO (p = .001), and EC-FO (p =
.001) compared to EO-FI. ML-Range was also significantly greater in EC-
FO compared to EC-FI and EO-FO (both p = .001).
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3.2.2. AP-Range

There was no significant arm movement x sensory condition inter-
action for AP-Range (p = .153). However, there was a significant main
effect of arm movement (p = .002), with AP-range greater in the
restricted compared to free arm condition. A main effect was also
observed for sensory condition (p = .001), with pairwise comparisons
indicating significantly greater ML-Range in EC-FI, EO-FO, and EC-FO
(all p < .001) compared to EO-FI. AP-Range was also significantly
greater in EC-FO compared to EO-FO and EC-FO (both p = .001).

3.2.3. ML-Frequency

There was a significant arm movement x sensory condition inter-
action (p = .001) for ML-MPF. Multiple comparisons tests revealed a
significant increase in ML-MPF from free to restricted arm condition in
the vestibular sensory condition only (p = .003, d = 0.96). A main effect
of arm movement was also observed, with ML-MPF greater in the
restricted compared to free arm condition (p = .038). There was also a
significant main effect of sensory condition (p = .001), with pairwise
comparisons indicating a significantly lower ML-MPF during EO-FI
compared to EO-FO (p = .006) and EC-FO (p = .002).

3.2.4. AP-Frequency

There was no significant arm movement x sensory condition inter-
action for AP-MPF (p = .114). However, there was a significant main
effect of arm movement (p = .005), with AP-MPF greater in the
restricted compared to free arm condition. A main effect was also
observed for sensory condition (p = .001), with pairwise comparisons
indicating a significantly lower AP-MPF during EO-FI compared to EO-
FO (p = .008) and EC-FO (p = .001).

3.3. Arm restriction cost

There were significant main effects of age (ML-Range ARC: p = .027;
AP-Range ARC: p < .001) and sensory condition (ML-Range-ARC: p =
.027) but no interaction between the two. The main effect of age in-
dicates that ARC-Range were greater in older than young adults. Pair-
wise comparisons for the main effect of sensory condition indicate a
significantly greater ML-Range ARC in EC-FO compared to EO-FI (p =
.034).

4. Discussion

The primary purpose of this study was to investigate the effects of
arm movements on postural control in normal and modified sensory
conditions in young and older adults. Our investigation builds on recent
literature (i.e., Johnson et al., 2023) with three important new findings.
First, in agreement with our hypothesis, we observed that older adults
experienced greater postural instability with restricted compared to free
arm movements during all modified sensory conditions. Second, in
partial agreement with our hypothesis, there was an increase in ML
displacement and frequency when arm movements were restricted
during only the most challenging (i.e., vestibular dominant) condition in
young adults. Third, the main effect of age for ARC outcomes indicates a
greater reliance on an upper body strategy in older compared to young
adults, independent of the sensory condition, confirming our hypothesis.
These collective findings reveal that dependence on upper body move-
ment strategies increases in older adults, independent of sensory avail-
ability and/or accuracy.

4.1. The contribution of arm movements to postural control depends upon
the availability of sensory information

As expected, there was a main effect of sensory condition in both
young and older adults, indicating an increase in both COP displacement
and frequency with modified sensory availability. We also observed a
significant main effect of arm movement in both groups, which supports
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previous research reporting greater postural sway during restricted
compared to free arm movements conditions in young (Objero et al.,
2019; Patel et al., 2014) and older (Johnson et al., 2023) adults. Sig-
nificant increases in ML COP amplitude under conditions of arm re-
striction in young adults were restricted to the vestibular-dominant
condition, while for older adults, COP amplitude during arm restriction
occurred for each sensory restriction. In other words, young compared to
older adults adapted to modified sensory information without increasing
their reliance on arm movements (likely by ‘up-weighting’ the other
available sensory input [Nashner and Berthoz, 1978]). These results
imply that older adults are less able to compensate for the distortion of
proprioceptive or visual input using other systems, and therefore
implement an adaptive upper body strategy to help correct postural
errors. Conversely, young adults can maintain postural stability with
arm restriction when vision and proprioception are modified, perhaps
due to a higher level of sensory functioning (i.e., no age-related decline).
Collectively, our observations indicate that both young and older adults
rely on arm movements, but the contribution of an upper body strategy
depends upon the characteristics of the available sensory information
and/or postural task.

4.2. Increase in COP frequency and amplitude during the vestibular
condition

Another notable finding was that arm restriction elicited an increase
in both the range and frequency of ML COP displacements under con-
ditions of modified vision and proprioception (i.e., EC-FO: “vestibular
dominant™), independent of age. An increase in COP frequency has
previously been interpreted as reflecting an increase in stiffness around
the ankle joint (i.e., greater co-contraction [Warnica et al., 2014]). We
previously reported that a stiffening response assisted young adults to
maintain postural performance (COP range) when arm movement was
restricted, while such an adaptation provided little assistance for
maintaining postural control in older adults (Johnson et al., 2023). We
posit that the tendency for an increase in both the amplitude and fre-
quency of ML COP with arm restriction in the vestibular condition may
be a failed attempt from the central nervous system to freeze the degrees
of freedom in the postural chain (i.e., ‘tighter’ postural control) in sit-
uations of considerable sensory challenge and instability. This greater
“co-contraction” (inferred from increased MPF [Winter et al., 1998])
could exacerbate the contribution of arm movement because lower-limb
muscles that attempt to restore position of the COM act against highly
activated antagonists. In this context, co-contraction appears maladap-
tive. However, the compensatory use of arm movements appears to be of
functional benefit to both young and older adults under conditions of
modified vision and proprioception.

4.3. Increased prominence of an upper body movement strategy in older
adults

Our hypothesis that the de-stabilising effect of restricted arm
movements would be larger in older compared to young adults was
confirmed by detecting significant main effects of age for the ML-Range
ARC outcome. Our prior work also reported that older, compared to
young adults, were more unstable with restricted arm movements,
especially when the base of support was narrowed (Johnson et al.,
2023). Taken together, the present work supports and extends the notion
that older adults may be more reliant on arm movements (based on ML
and AP-Range ARC) to correct postural errors during quiet stance, in-
dependent of sensory condition. From a model-based perspective, the
more prominent effect of arm restriction in older adults could be related
to age-related latencies between sensory perception and motor re-
sponses, increased sensory noise and greater difficulty with weighting
sensory inputs from the lower limbs (Maurer and Peterka, 2005; Wies-
meier et al., 2015). Another potential contributor is the age-related
decline in lower-limb force production capacity (Cattagni et al., 2016;
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Lord et al., 1991; Lord and Ward, 1994), which may make it harder for
the leg muscles to restore the position of the COM after a spontaneous
deviation of the body from the vertical (Sarabon et al., 2013). An
alternative interpretation that cannot be excluded is the possibility that
clasping the hands creates a cognitive “dual task” interference effect. For
example, the task of clasping the hands in front of the body may be
sufficiently unnatural to cause older adults to allocate greater atten-
tional resources to this “secondary” motor task, resulting in impaired
postural control. As dual-task performance was not assessed in the
present experiment, future research could investigate the effects of
restricted arm movements on postural control during cognitive dual-task
conditions.

4.4. Limitations

Although the observations presented here represent a clear advance
in knowledge and offer a new perspective on the control of unperturbed
upright stance under different sensory conditions, as no quantitative
analysis of body kinematics, muscle activation patterns or reflex re-
sponses were undertaken, it is difficult to fully understand how upper
body strategies were used to correct postural errors during quiet
standing. For instance, it is well accepted that clenching one's hands can
affect lower limb reflexes (i.e., the ‘Jendrassik manoeuvre’ [Nardone
and Schieppati, 2008]). As such, additional analyses of kinematics and
neurophysiologic data would provide more detailed and conclusive in-
formation about postural responses and strategies adopted in the young
and older age groups. Second, although the study was adequately
powered to investigate its hypotheses, the relatively small sample does
limit the generalisability of the findings. Studies that replicate and
extend our findings in a more functionally diverse group (e.g., fallers vs.
non-fallers, frail older adults) would be valuable. Finally, due to the
design of the study, in which one balance task follows another (of
increasing difficulty) there is a possibility that the results might reflect
an order effect. However, we should point out that the order of the arm
condition was randomised, and that it is highly unlikely that the order of
sensory conditions would have influenced arm contributions to postural
control.

4.5. Practical applications

The present findings have some important practical implications
from a testing and/or training perspective. Allowing free arm move-
ments is a relatively easy task manipulation that results in improved
stability, especially in older adults. Therefore, it might be advisable for
fall prevention exercise guideline developers and practitioners to
consider exploiting this simple task constraint to improve balance per-
formance during physical training, which may be particularly important
for older adults at greater risk of falling. More broadly, fall prevention
exercise recommendations for older adults should carefully consider the
impact that arm restriction has not only on postural “performance”, but
also how this task constraint appears to influence specific postural co-
ordination strategies to maintain upright stance (i.e., reduced reliance
on co-contraction). From a mechanistic training perspective, allowing
arm movements may be valuable in acting as a starting point as part of a
continuum of balance training to progress to more challenging programs
(i.e., restricted arm movements [Hill et al., 2019]). In contrast, it may
also be appropriate to restrict arm movements to decrease the moment
of inertia to promote more effective control of the COM by focusing on
ankle, knee, and hip coordinative strategies. Such distal-proximal stra-
tegies may promote a more sensitive anticipatory and/or recovery
postural response mechanism. Finally, from a testing perspective,
permitting free arm movements is functionally relevant to typical ac-
tivities of daily living, but it is difficult to control the variability and
dynamic nature of how individuals use the arms. In contrast, restricting
arm movements is likely to provide a more definite and standardised
assessment of lower limb postural function. Finally, we recommend that
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future research should clearly define and describe arm placement and
movement to avoid misinterpretation of balance test outcomes and to
facilitate experimental replication.

5. Conclusion

We found that restricting arm movements elicited an increase in ML
range and frequency, indicative of a directionally sensitive, destabilising
effect. The stabilising effects of free arm movements were greater in
older, compared to young adults, which suggests that dependence on
upper body movement strategies increases with advancing age. Collec-
tively, these findings show that arm movement strategies appear to
compensate for sensory deficits associated with aging, which should be
carefully considered when designing and delivering exercise-based fall
prevention interventions.
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