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Abstract

Background: Impairments in proprioceptive mechanism with aging has been
observed and associated with fall risk. The purpose of the current study was to assess
proprioceptive deficits among high fall risk individuals in comparison with healthy
participants, when postural performance was disturbed using low-frequency mechani-
cal gastrocnemius vibratory stimulation.

Methods: Three groups of participants were recruited: healthy young (n=10;

age =23+ 2 years), healthy elders (n=10; age =73 £ 3 years), and high fall risk elders
(n=10; age =84 %9 years). Eyes-open and eyes-closed upright standing balance per-
formance was measured with no vibration, and 30 and 40 Hz vibration of both calves.
Vibration-induced changes in balance behaviors, compared to baseline (no vibratory
stimulation) were compared between three groups using multivariable repeated meas-
ures analysis of variance models.

Results: Overall, similar results were observed for two vibration frequencies. However,
changes in body sway due to vibration were more obvious within the eyes-closed
condition, and in the medial-lateral direction. Within the eyes-closed condition high
fall risk participants showed 83% less vibration-induced change in medial-lateral body
sway, and 58% less sway velocity, when compared to healthy participants (p <0.001;
effect size=0.45-0.64).

Conclusions: The observed differences in vibration effects on balance performance
may be explained by reduced sensitivity in peripheral nervous system among older
adults with impaired balance.

Keywords: Wearable motion sensors, Body sway, Mechanical stimulation, Geriatrics,
Falling, Somatosensory system

Background

Nearly 30% of older adults over 65 experience one or more falls every year, leading to
hospitalization and death [1, 2]. The first step to prevent fall is to identify high fall risk
individuals and understand the underlying mechanism that can lead to fall. Human bal-
ancing is a complex mechanism that involves several physiological systems, including
sensory units (i.e., vestibular, visual, and proprioceptive), muscle reflexes, and the cen-
tral nervous system [3, 4]. Any deterioration in components of this mechanism or inter-
actions between components can compromise postural balance. As a result of aging,
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impairments in the proprioceptive component has been observed and associated with
balance deficits [3, 5].

Within the current research, we studied proprioceptive deficits among high fall risk
individuals in comparison with healthy participants when balance performance was dis-
turbed using low-frequency mechanical calf vibration (gastrocnemius muscles). Among
healthy adults, mechanical vibration of the gastrocnemius muscle increases the range
and velocity of body sway and cause body tilt during upright standing [6, 7]. Previous
work suggested that mechanical vibration can influence postural balance by activat-
ing the afferent nerves of muscle spindles, and increasing their firing rate [7], which
can cause kinematic illusions [7, 8]. Although, several studies have focused on balance
alterations due to mechanical vibrations, to our knowledge, no study has compared
vibration-induced changes between healthy and high fall risk individuals. Further, bal-
ance behaviors among healthy participants have been influenced by the frequency of the
vibration. Maximum effect of lateral gastrocnemius and tibialis anterior muscle vibra-
tion on postural balance has reported for high frequencies of 80—-100 Hz among healthy
individuals, which cause an increase in body sway [9]. On the other hand, vibration of
plantar sole and triceps surae with very low frequencies of below 20 Hz reduces the body
sway among healthy participants [10]. No study has investigated the effect of gastrocne-
mius muscle vibration on balance behaviors within frequencies near and slightly above
the threshold for eliciting the postural balance.

We hypothesized that due to aging-induced alterations in muscle spindle sensory
function, as well as decreased cortical and spinal excitability and slowed nerve conduc-
tion with aging [11], the vibratory stimulation, within a low frequency of 30 and 40 Hz,
would have less influence on postural balance among high fall risk elders compared to
healthy individuals. To confirm this, we assessed: (1) differences in balance behavior
alterations due to vibration among three groups of healthy young, healthy older adults,
and high fall risk older adults; and (2) the association between baseline balance perfor-
mance and vibration-induced balance alterations.

Methods

Participants

Three groups of participants were recruited: healthy young adults (18—-30 years), healthy
older adults (> 65 years), and high fall risk older adults (> 65 years). High fall risk par-
ticipants were selected according to the Center for Disease Control and Prevention’s
STEADI Risk for Falling Assessment [12], which involves four questions, assigning one
point to each affirmative response: (1) Have you fallen in the past year?; (2) Are you wor-
ried about falling?; (3) Do you feel unsteady when you are walking? (4) Have you had
two or more falls? Those with a score of zero or one without a history of falling were
considered low fall risk, and those with a score of two to four were considered high fall
risk. Exclusion criteria for all three groups were: disorders associated with severe motor
deficits and balance performance, including stroke, Parkinson’s disease, dementia (Mini-
Mental State Examination (MMSE) score <20) [13], severe arthritis in lower-extremi-
ties, cancer or diabetic neuropathy, vestibular diseases, and lower-extremity ulceration
and amputation, history of dizziness, vertigo, and sedating medication or alcohol con-
sumption within the prior 24 h. The above disorders were identified using subjective
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questionnaires as defined in previous work [14, 15], and participants were excluded if
they claimed to have any related symptoms. Further, participants were excluded if they
were not able to perform the initial practice balance trials as described below. For both
healthy young and older adults, additional exclusion criterion of fall incident in a prior
year was considered. All participants were recruited after completing written informed
consent according to the principles expressed in the Declaration of Helsinki [16],
approved by the University of Arizona’s Review Boards.

Clinical measurements

Participants filled out clinical questionnaires before balance tests, including: (1) the vis-
ual analog pain scale for lower-extremity (VAS-10) (0: no pain—10: extreme pain) [17]
within the prior 2-week period and at the time of the visit; (2) short falls efficacy scale-
international (Short FES-I) for assessing the fear of falling [18]; and (3) the four-question
fall scale (see above).

Balance assessments
Each participant performed eight 30-s trials of balance assessment, including: two prac-
tice trials with no vibration system attached (one eyes-open and one eyes-closed), two
trials with vibration system on calves but with no stimulation (one eyes-open and one
eyes-closed), two trials with 30 Hz vibration (one eyes-open and one eyes-closed), and
two trials with 40 Hz vibration (one eyes-open and one eyes-closed). Of note, data from
practice trials were not used in analyses. In each trial, Romberg balance test was per-
formed, during which, participants stood upright with their feet as close together as pos-
sible but without touching each other, and their arms crossed. For eyes-open trials no
visual target was specified, and participants performed the balance facing a wall in 1-m
distance from their standing point. The center-of-gravity (COG) was estimated using
wearable motion sensors following identical procedures reported earlier [19-21]. Briefly,
two sensors (one on the right shin and one on the back close to the lumbar), each includ-
ing a tri-axial gyroscope, were used to estimate three-dimensional ankle and hip angles
(BalanSens'; BioSensics, Boston, USA). A two-link inverted-pendulum model of the
human body was used to calculate the COG from anterior—posterior and medial-lateral
angles [19, 22]. The two-link model was used to calculate anterior—posterior (AP) and
medial-lateral (ML) angles of legs (lower link-ankle rotation) and upper-body (upper
link-hip rotation). Using participants’ anthropometric data, the mass and center of mass
were estimated for each link [19]. A wavelet transform band-pass filter (Coiflet 5—cutoff
frequency of 0.06—30 Hz) was used to reduce the noise related to skin movements [22].
Balance outcome measures included: ankle, hip, and COG overall sway and sway in
anterior—posterior and medial-lateral directions, after excluding outliers as described in
previous work [19]. Ankle, Hip, and COG sway in anterior—posterior or medial-lateral
directions represent the range of sway in each direction [21]. Overall sway was estimated
as the product of sway range in the anterior—posterior and medial-lateral directions.
The range of sway for ankle and hip was represented as the angular range of motion in
degrees for the anterior—posterior and medial-lateral sway, and in degrees? for the over-
all sway. The COG range of sway was represented as the range of displacement in the

anterior—posterior or the medial-lateral direction in centimeters, and in centimeters>



Toosizadeh et al. BioMed Eng OnlLine (2018) 17:51 Page 4 of 14

for the overall COG sway. Additional parameters included: sway velocity (overall COG
sway distance divided by the test duration represented in centimeter/seconds), and body
tilt in the anterior—posterior and medial-lateral directions (average COG location dur-
ing the test duration in centimeters). Further, we calculated Romberg quotient (outcome
measure within eyes-closed/outcome measure within eyes-open) for the above param-
eters to understand changes in balance parameters when visual feedback was removed
[23]. For each balance parameter, percentage change was estimated comparing the stim-
ulation condition with the no-stimulation condition.

Vibration stimulation

Mechanical vibration of 30 and 40 Hz frequencies and 1+0.002 mm amplitude were
imposed to both gastrocnemius muscles. A pair of custom-made focal vibrator was used
to generate mechanical stimulation using eccentric rotating servomotor. Velcro straps
were used to attach the vibrators to the belly of the muscles. Previous studies showed
that the postural effect with calf vibration, especially in high frequencies (60-90 Hz)
increases after the onset of stimulation and saturates after ~ 30 min [6, 24]. Thus, here for
balance trials with vibratory stimulations, participants were exposed to 1 min warm-up
vibration prior to tests to assure effects of stimulation reach a plateau level. To minimize
the residual effects of vibration on balance behaviors [6, 7], participants had a 2-min rest
period between trials. Further, to minimize the residual effects of vibration, instead of
randomizing the trials, balance with no vibration was performed first, followed by 30
and 40 Hz stimulation trials.

Statistical analysis
Differences in demographic parameters among participant groups (balance groups:
healthy young, healthy older adults, and high fall risk) were assessed using one-way
analysis of variance (ANOVA) models. Differences in subjective questionnaires were
assessed using multivariable ANOVA models, considering three balance groups, age,
gender, and body mass index (BMI) as independent variables. To assess differences in
balance behaviors between three balance groups, multivariable repeated measures
ANOVA models were used. In each model, baseline balance parameters (trials with no
stimulation) or percentage change in balance parameters due to vibration (compared to
the condition with no stimulation) were considered as dependent variables; three bal-
ance groups, age, gender, vibration frequency (within subject variable), and BMI were
considered as independent variables. Analyses were done separately for each of eyes-
open and eyes-closed condition. Further, all data from eyes-open and eyes-closed condi-
tions were combined and the analyses were repeated to investigate potential main effect
of vision condition and interactions between vibration frequency and eyes-open/eyes-
closed conditions. Cohen’s effect size was calculated for each ANOVA test, and post
hoc Tukey’s honestly significant difference tests were performed for three pairwise com-
parison between the balance groups. The interaction effect between balance group and
vibration frequency was also assessed.

Further analyses were performed to assess Pearson correlations (r) between baseline
balance performance and changes in balance behaviors due to stimulation (without con-
sidering balance groups). Lastly, correlations between subjective questionnaires (i.e., the
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pain score, FES-I, and the fall score) and vibration-induce changes in balance parameters
were assessed using linear regression models and reported as Pearson correlations. All
analyses were done using JMP (Version 11, SAS Institute Inc., Cary, NC), and statistical
significance was concluded when p <0.05.

Results

Participants

Thirty participants were recruited, 10 healthy young adults, 10 healthy older adults, and
10 high fall risk older adults; mean (standard deviation-SD) age were 23 (2), 73 (3), and
84 (9) years, respectively. Demographic information and subjective questionnaires are

reported in Table 1.

Balance behaviors among healthy and high fall risk

Baseline balance behaviors (without stimulation) were different among three groups.
Larger ankle, hip, and COG sway were observed among high fall risk older adults com-
pared to healthy participants. These differences were significant only for the eyes-closed
condition (Table 2); none of baseline balance parameters were significantly different
between groups when participants performed the test with eyes open (p>0.06). Dif-
ferences in baseline balance parameters among high fall risk participants and healthy
groups (young and older adults) were more noticeable for medial-lateral compared to
anterior—posterior sway. Post hoc Tukey’s tests showed no significant difference among
baseline balance parameters for pairwise comparisons between balance groups. None
of the baseline parameters representing anterior—posterior and medial-lateral body tilt
were significantly different between groups within eyes-open or eyes-closed conditions
(p>0.11).

Table 1 Mean (standard deviation—SD or percentage) values of sociodemographic
information and subjective questionnaires

Healthy young Healthy older adults High fall risk p value

Number, n (% of total) 10 (33%) 10 (33%) 10 (33%) -
Male, n (% of the group) 5 (50%) 4 (40%) 3(30%) x(2)=113,p=057
Age, year (SD) 23.30(2.26) 72.90 (2.81) 83.60 (9.46)  F(2,27)=293.14;
p<0.0001*
Stature, cm (SD) 173.16 (9.66) 165.03 (10.91) 165.62 (11.21) F(2,27)=1.82;,p=0.18
Body mass, kg (SD) 70.84 (16.72) 64.71 (8.37) 65.24 (16.39) F(2,27)=0.56;p=0.57
BMI, kg/m? 2359 (4.81) 23.75(2.11) 2352 (4.08) F(2,27)=0.01;p=0.99
Pain at the moment, 0-10 0(0) 0.20 (0.63) 190 (269 F(2,24)=198,p=0.16
(SD)
Pain within 2 weeks, 0-10 0.10(0.32) 0.80 (2.53) 350(3.72)  F(224)=202;p=0.15
(SD)
Short FES-I, 7-28 (SD) 7.30(0.64) 8.00 (1.63) 14.90 (3.96)  F(2,24)=14.66; p<0.0001*
Fall score, 0-4 (SD) 0.00 (0) 0.10(0.32) 3.10(0.74)  F(2,24)=4842; p<0.0001*
Number of falls within 0.00 (0) 0.00 (0) 2.88(4.64) F(2,24)=743,p<0.001*
1 year(SD)

BMI body mass index, FES-I falls efficacy scale-international

* Significant p value
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Table 2 Mean (standard deviation) values of baseline balance parameters (no vibration)
between balance groups

Eyes-open Healthy young Healthy older High fall risk p value® Effect size
adults
Ankle sway
Medial-lateral, deg  1.21(0.55) 1.38(0.60) 1.69 (0.80) F(2,24)=2.14; 0.31
p=0.14
Anterior—posterior,  1.64 (0.66) 1.65 (0.66) 2.07 (1.03) F2,24)=2.37; 0.26
deg p=0.12
Overall, deg2 1.82(1.23) 2.04(1.31) 2.84(2.56) F(2,24)=2381; 0.26
p=0.08
Hip sway
Medial-lateral, deg  1.09 (0.37) 1.00 (0.20) 1.31(0.38) F(2,24)=2.16; 0.41
p=0.14
Anterior-posterior, 240 (1.22) 1.94 (0.76) 3.20(1.73) F(2,24)=2.54; 042
deg p=0.10
Overall, deg2 226(1.92) 1.61(1.03) 3.17(1.88) F(2,24)=2.02; 040
p=0.15
COG sway
Medial-lateral, cm 048 (0.21) 0.53(0.19) 0.64 (0.30) F(2,24)=2.58; 0.29
p=0.10
Anterior-posterior,  0.89 (0.29) 0.93 (0.30) 1.08 (0.42) F224)=1.11; 0.24
cm p=035
Overall, cm? 0.40(0.27) 0.40(0.23) 0.58 (0.43) F(2,24)=2.76; 0.27
p=0.08
Sway velocity, cm/s  0.66 (0.09) 0.84(0.22) 0.84 (0.26) F(2,24)=2.388; 045
p=0.06
Eyes-closed Healthy young Healthy older High fall risk p value® Effect size
adults
Ankle sway
Medial-lateral, deg  1.70 (0.58) 1.36(0.33) 2.23(0.76) F(2,24)=5.01; 0.64
p=0.02*
Anterior—posterior,  1.83 (0.93) 2.07 (0.91) 245 (0.62) F(2,24)=1.34; 0.31
deg p=0.28
Overall, deg? 2.62 (1.44) 249 (1.75) 3.93(1.96) F(2,24)=2.87, 034
p=0.08
Hip sway
Medial-lateral, deg  1.63 (0.42) 140 (042) 1.82(0.53) F(2,24)=5.65; 037
p<0.01*
Anterior—posterior,  2.64 (0.90) 2.73(1.01) 422 (1.16) F(2,24)=5.57, 0.71
deg p=001%
Overall, deg® 3.25(1.52) 2.94(1.73) 6.53 (4.09) F(2,24)=2.87; 0.67
p<0.01*
COG sway
Medial-lateral, cm  0.76 (0.27) 0.55 (0.14) 0.90 (0.32) F(2,24)=4.41; 0.60
p=0.02*
Anterior—posterior,  1.05 (0.39) 1.17 (0.51) 1.46 (0.39) F2,24)=1.37; 0.40
cm p=0.27
Overall, cm? 0.65 (0.33) 0.54(0.33) 1.04 (0.59) F(2,24) =3.40; 0.51
p=005*
Sway velocity,cm/s  0.89 (0.23) 0.72 (0.10) 0.95 (0.26) F(2,24)=3.52; 0.49
p=0.04*
COG center of gravity

* Significant p value

2 ANOVA models were adjusted for age, gender, and body mass index
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Alterations in balance behaviors were observed when the vibratory stimulation was
applied to calves. Similar to baseline balance behaviors, between group differences
in body sway changes due to vibration were more obvious within the eyes-closed
condition and in the medial-lateral direction (Table 3). Overall, it was noticeable
that high fall risk older adults showed less changes in COG sway in response to
vibratory stimulation compared to the healthy control groups. Specifically, on aver-
age in the eyes-closed condition within balance trials with vibration, 5% increase in
medial-lateral and 3% increase in anterior—posterior COG sways were observed in
the high fall risk group compared to baseline trials; corresponding changes were 46
and 30% in medial-lateral and anterior—posterior directions for healthy older adults,
and 20 and 59% for healthy young participants. Within the medial-lateral direction
(and within the anterior—posterior direction although not significant), a decreas-
ing trend in ankle sway alterations was seen from healthy young and healthy older
adults to high fall risk groups (Fig. 1 and Table 3). On the other hand, hip sway in
the medial-lateral direction demonstrated an increasing trend from healthy young
and older adult groups to the high fall risk group (Fig. 1 and Table 3). According
to these results, when exposed to vibratory stimulation, high fall risk older adults
showed smaller ankle sway and larger hip sway changes compared to healthy groups.
Also, changes in sway velocity were significantly different between groups; on aver-
age high fall risk participants showed 42 and 58% less changes in sway velocity in
response to vibration, compared to other groups within eyes-open and eyes-closed
conditions (Table 3). Post hoc Tukey’s tests showed significant pairwise differences
between healthy young and healthy older adult groups, as well as between healthy
older adults and high fall risk groups for medial-lateral hip sway changes within
both eyes-open and eyes-closed conditions (Fig. 1). No significant difference in body
tilt changes due to vibration was observed between three groups within eyes-open
or eyes-closed conditions (p>0.14). Also, results from Romberg quotient showed no
significant group effect in changes in parameters within the eyes-closed condition
compared to the eyes-open condition (p > 0.06).

A significant main effect of vibration frequency was observed only in hip medial-lat-
eral sway changes within the eyes-closed condition (p=0.03); hip medial-lateral sway
increased among all three groups when exposed to 40 Hz vibration (5% change), and it
decreased when exposed to 30 Hz vibration (—12% change). However, this difference
was not observed in any other parameter within eyes-open or eyes-closed conditions
(p>0.15). Further, significant main effect of vision condition (eyes-open versus eyes-
closed) was observed in vibration-induced changes in ankle and COG medial-lateral
sway, and hip medial-lateral, anterior—posterior, and overall sway (p<0.01); in all con-
ditions larger amount of sway changes was observed within the eyes-closed condition.
No significant interaction effect of balance groups and vibration frequency or vibration
frequency and eyes-open/eyes-closed conditions on balance parameters was observed
(p>0.07).

Association between baseline data and balance alterations
Changes in ankle and COG sway due to vibration, especially in the medial-lateral direc-
tion, were negatively correlated with baseline overall COG sway (r=37-0.58; p <0.04);
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Table 3 Mean (standard deviation) values of the percentage change in balance
parameters in three balance groups
Eyes-open Healthy Healthy older Highfall pvalue® Effect
young adults risk size
Ankle sway
Medial-lateral 30 Hz, % 143 (100) 29 (48) 23(49)  F251)=014; 056
Medial-lateral 40 Hz, % 96 (86) 75 (80) 32(57) p=087
Anterior—posterior 30 Hz, % 73 (96) 50(73) 22 (49) F(2,51)=048; 047
Anterior—posterior 40 Hz, % 110 (84) 44 (39) 14 (45) p=062
Overall 30 Hz, % 95 (526) 85 (121) 23(59)  F251)=020; 068
Overall 40 Hz, % 305 (263) 94 (126) 50(113) ~ p=082
Hip sway
Medial-lateral 30 Hz, % 5(35) 15 (38) 46 (79)  FQ51)=349; 018
Medial-lateral 40 Hz, % 12 24) 21 (42) 9 (40) p=003*
Anterior-posterior 30 Hz, % 32 (53) 32(38) 37.(77) F(2,51)=1.04; 031
Anterior—posterior 40 Hz, % 76 (78) 46 (115) 3(51) p=036
Overall 30 Hz, % 38(71) 73(111) 1M0(157)  FR51)=1.25; 008
Overall 40 Hz, % 120 (117) 44 (80) 15 (86) p=030
COG sway
Medial-lateral 30 Hz, % 109 (68) 23(37) 24(38)  F251)=0.14; 057
Medial-lateral 40 Hz, % 118(132) 54 (74) 29 (51) p=087
Anterior—posterior 30 Hz, % 72 (102) 36 (45) 28 (55) F(2,51)=0.25; 0.36
Anterior—posterior 40 Hz, % 76 (74) 46 (62) 11 42) p=078
Overall 30 Hz, % 391 (653) 61(53) 59(120)  FR51)=053; 056
Overall 40 Hz, % 194(181) 67 (92) 40103  P=059
Sway velocity 30 Hz, % 158 (74) 188 (154) 123(93)  FQ51)=412 038
Sway velocity 40 Hz, % 193 (163) 225 (89) 100 (69) p=002*
Eyes-closed Healthy Healthy older High fall p value? Effect
young adults risk size
Ankle sway
Medial-lateral 30 Hz, % 47 (42) 63 (89) 4(25) F251)=7.80; 050
Medial-lateral 40 Hz, % 42 (51) 75 (57) 14 (33) p<001*
Anterior—posterior 30 Hz, % 71(78) 20 (47) —9(12) F(2,51)=1.39; 0.66
Anterior—posterior 40 Hz, % 98 (73) 52(90) 1(28) p=0.26
Overall 30 Hz, % 165 (213) 82(176) —4(34) F251)=193 054
Overall 40 Hz, % 180 (145) 113 (132) 17 (59) p=0.16
Hip sway
Medial-lateral 30 Hz, % —16(16) —13(30) —6(31) F2,51)=2143; 028
Medial-lateral 40 Hz, % —121) 4 (49) 25 (58) p<0.0001*
Anterior—posterior 30 Hz, % 22 (38) 11 (66) 6 (43) F(2,51)=0.54; 0.10
Anterior—posterior 40 Hz, % —1201 4 (49) 25 (58) p=059
Overall 30 Hz, % — 08 (44) 9 (40) 13 (81) F2,51)=950;  0.17
Overall 40 Hz, % 14 (47) 21 (75) 48(110) p<0.001*
COG sway
Medial-lateral 30 Hz, % 22 (30) 46 (72) —2(18) F2,51)=920; 045
Medial-lateral 40 Hz, % 18 (34) 47 (45) 13 (30) p<0.001*
Anterior—posterior 30 Hz, % 57 (84) 20 (53) —3(30) F(2,51)=0.78; 041
Anterior—posterior 40 Hz, % 61 (65) 40 (66) 9(38) p=046
Overall 30 Hz, % 93(133) 67 (1689) —5(30) F251)=212; 034
Overall 40 Hz, % 86 (100) 59 (100) 24 (60) p=013

Page 8 of 14
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Table 3 (continued)

Eyes-closed Healthy Healthy older High fall p value? Effect
young adults risk size
Sway velocity 30 Hz, % 108 (53) 162 (92) 60 (39) F(2,51)=8.89; 0.64
Sway velocity 40 Hz, % 139 (82) 173 (109) 61 (43) p<0.001%
COG center of gravity

* Significant p value
2 ANOVA models were adjusted for age, gender, and body mass index

@30Hz Vibration, eyes-open

200 - A O40Hz Vibration, eyes-open 80 - 64% C
o 26% DO30Hz Vibration, eyes-closed
D40Hz Vibration, eyes-closed
160 60
141% l B
40
A
wfl | r%
0+ ? "]F %ﬁ

-20

120 1

80

40 1

Change in Hip Medial-lateral Sway (%)

Change in Ankle Medial-lateral Sway (%

-40 - -40 -
Healthy young  Healthy older adults High fall risk Healthy young  Healthy older adults High fall risk

Fig. 1 Mean (standard error) changes in the ankle and hip medial-lateral sway due to vibration. Differences
in balance alteration are presented between three groups of healthy young, healthy older adults, and high
fall risk older adults. Post hoc Tukey’s test grouping is presented using bold letters

participants with higher baseline sway showed smaller changes (Fig. 2). Further, signifi-
cant negative correlations were observed between fall score and changes in anterior—
posterior ankle sway due to vibration among all conditions except for the eyes-open
30 Hz condition (r>0.41 and p<0.03). No other significant correlation was observed

between other questionnaires and changes in balance parameters (p >0.05).

Discussion

Vibration effects on balance

As hypothesized, vibratory stimulation influenced balance behaviors among high fall
risk individuals differently compared to healthy young and older adults. Increase in
the overall amount and velocity of body sway was observed as a result of calf vibration
among participants. The increase was minimum for high fall risk participants. In addi-
tion to overall body sway, differences in balancing strategies (ankle versus hip sway)
were also observed among three groups. Focusing on the ankle joint, increase in sway
range due to vibration was smaller among the high fall risk group compared to healthy
groups. Two explanations have been suggested previously as potential reasons for the
increased body sway due to vibration among healthy individuals. Previous knowledge
was expanded here to explain observed differences between high fall risk older adults

and healthy individuals.
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Fig. 2 Correlations between changes in COG sway in medial-lateral direction and baseline overall COG sway.
All participants from healthy young, healthy older adults, and high fall risk older adults’groups were included
in the analysis

The first explanation is that changes in postural muscle activities due to vibration
can increase the range and speed of body sway during upright standing by affecting
the peripheral nervous system and short-latency reflexes. Specifically for the ankle
joint, small angular deviations continuously occur during upright standing, which can
lead to changes in lengths of lower-extremity muscles and muscle spindle activation
[25]. Signals from muscle spindles are directed to motor neurons, which activate the
parent muscles to restore joint position [25]. Mechanical vibration of a muscle fas-
cicle can excite spindles and increase the muscle firing rate [26]. Increase in muscle
activity leads to shortening of the excited muscles and simultaneously co-activity of
antagonist muscles [7], and consequently affect the interaction between the sensory
spindles and the muscle motor executive system. With aging, the efficiency of this
reflexive loop declines due to aging of muscle spindles. Previous studies suggested
that deterioration in muscle spindle performance with aging happens because of
changes in covering capsule dimensions, reduced number of intrafusal fibers within
spindles, and denervation process [11]. Similar to findings here, a smaller effect of
muscle tendon vibration on dynamic position sensing of the ankle joint has been
reported among elderly compared to young healthy participants [27].

The second explanation is related to vibration-induced alterations in the central
nervous system performance and long-latency responses. Proprioceptive feedback
from muscle spindles, in addition to providing data for the local reflexive regulation,
provides information for the central nervous system regarding the level of motor
activities [28]. To maintain balance, these information are used in the brain cortex to
adjust muscle activities [29]. Vibration of muscle can cause some illusionary sensation
in the brain regarding the lower-extremity position [8, 11]. Previous studies showed
deterioration in position and motion sensing of muscle spindles with aging [11, 30],
and aging-induced alterations in central nervous system, such as decreased atten-
tional resources and a general loss of neural substrate [31, 32]. Therefore, it has been
hypothesized here that vibration would cause less illusionary disturbance within cen-
tral nervous system among elders with impaired balance since messages from spindle
units are weaker and the central nervous system may be less sensitive to the distur-

bance of these messages.
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Unlike ankle sway, overall, high fall risk participants showed larger increase in hip
sway within the eyes-closed condition compared to healthy groups (Table 3). As a
result of neuromuscular complications, weakness, and limitations in the ankle joint
motion, larger compensatory motion from the hip and trunk is required to correct
the posture during upright standing among high fall risk elders [5, 20]. This may have
happened because the former group tend to implement hip-strategy (proximal-to-dis-
tal sequencing of muscle activation) more commonly for maintaining balance. Inter-
estingly, similar to findings here, Manchester et al. [33] reported a higher tendency in
using hip for maintaining balance among somatosensory impaired older adults com-
pared to healthy young participants when ankle somatosensation was limited.

Findings here suggest that differences in balance performance between three groups
were more detectable within the eyes-closed condition. This is in agreement with pre-
vious studies showing that age-related deficits in balance performance and alterations
in balance behaviors due to vibration were manifested without visual input [6, 34].
Further within current results, body sway in the medial-lateral direction could bet-
ter demonstrate differences in balance behaviors between high fall risk and healthy
participants compared to the anterior—posterior direction. This may happen due to
different balance control mechanisms in different directions. Flexor and extensor
lower-extremity muscles provide moments in a similar direction to control anterior—
posterior body sway [4, 20]. On the other hand, invertor and evertor lower-extremity
muscles help in maintaining balance in the medial-lateral direction implementing a
cancellation strategy [4, 20]. More investigation is required to understand the associa-
tion between vibratory stimulation and changes in balance mechanisms.

Regardless of balance grouping, we observed negative correlations between baseline
balance performance and vibration-induced changes in balance. Those participants
that showed poor baseline balance performance, were more likely to show less influ-
ence from the vibration stimulation. In agreement to our findings for between-group
differences, poor sensory performance may result in poor baseline balance perfor-
mance, as well as less sensation of vibration and accordingly less vibration-induced
changes in balance among individuals. However, more accurate measurements of def-
icits within balancing mechanism are required to confirm this hypothesis.

Limitations and future direction

Previous research suggested that vibration frequency and amplitude affect body sway
during upright standing [35]. One limitation of the current study is the lack of addi-
tional testing conditions for different vibration frequencies (higher frequencies above
40 Hz) and amplitudes. Within the current study lower frequencies of vibration were
used, because high vibratory stimulations (60—90 Hz) have been associated with longer
residual effects [6, 24]. Also, we only focused on gastrocnemius muscle vibration, and
therefore, conclusions here may not be generalized for other lower-extremity muscle
vibrations.

Further, high fall risk participants were selected based on the history of fall and poor
balance. Therefore, any conclusion regarding the association between the type of bal-
ance deterioration (peripheral versus central nervous system) and vibratory stimula-
tion requires further investigation, recruiting participants with pre-diagnosed balance
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disorders. Also, current findings cannot confirm lack of sensory performance deficits
among low fall risk participants, as we only compared them with high fall risk elders,
without any direct measurement of sensory performance. Further, significant differences
in age exist between selected groups. Although all between group comparisons were
adjusted with age here, investigating balance differences due to vibration among older
adults with similar age ranges worth future investigations.

Finally, although findings were encouraging they should be interpreted cautiously, due
to the lack of direct testing of proprioceptive alterations in response to vibration. Spe-
cifically, the accuracy of mechanical vibration as a testing tool for assessing high fall risk
older adults should be confirmed using direct measures of deficits in peripheral (as well

as central) nervous system.

Clinical implications

Due to ease-of-use, mechanical vibratory stimulation on calves can potentially be imple-
mented in clinical settings for assessing older adults with impaired ankle propriocep-
tive performance and high fall risk. Unlike subjective evaluation of peripheral sensation,
measuring body sway using body-worn motion sensors has the advantage of providing
an objective scale of balance deficits due to ankle proprioceptive impairments, which
can be directly related to fall risk.

Further, more than half of participants from the high fall risk group showed improve-
ments in balance (reduced overall body sway compared to baseline) when they were
exposed to 30 Hz mechanical vibration. Interestingly, less than 10% of healthy young or
elderly participants showed smaller overall body sway after vibration. These improve-
ments in balance may happen due to activation of muscle proprioceptors as a result of
vibration. Hypothetically, mechanical vibration can increase the excitability of muscle
motor neurons by adding a stochastic resonance noise to sensory signals and reduc-
ing the muscle activation threshold. This hypothesis has been supported by the data on
enhancement of the muscle spindle sensitivity and postural balance among elders using
electrical noise signal stimulation [36]. Associations between mechanical calf vibration,
vibration frequency and amplitude, and vibration duration with balance improvements
are left to be studied in future.

Conclusions

Within the current study the mechanical vibration was used to impact the performance
of proprioceptive system during upright balance standing. Although the effect of vibra-
tory stimulation on balance performance among healthy individuals has been studied
before, for the first time, we tested vibratory stimulation to compare balance behav-
iors between high fall risk older adults and healthy young and elderly participants. We
observed that changes in ankle and overall body sway were significantly smaller in the
high fall risk group compared to heathy groups. On the other hand, the high fall risk
group showed larger hip sway for maintaining balance when imposed to vibratory stim-
ulation compared to healthy individuals. These changes were more prominent during
eyes-closed condition and in the medial-lateral direction. The observed differences in
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vibration effects may be explained by reduced sensitivity in peripheral and central nerv-
ous system in older adults with impaired balance.
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