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Abstract

Background: a fall occurs when an individual experiences a loss of balance from which they are unable to recover.
Assessment of balance recovery ability in older adults may therefore help to identify individuals at risk of falls. The purpose of
this 12-month prospective study was to assess whether the ability to recover from a forward loss of balance with a single step
across a range of lean magnitudes was predictive of falls.
Methods: two hundred and one community-dwelling older adults, aged 65–90 years, underwent baseline testing of sensori-
motor function and balance recovery ability followed by 12-month prospective falls evaluation. Balance recovery ability was
defined by whether participants required either single or multiple steps to recover from forward loss of balance from three lean
magnitudes, as well as the maximum lean magnitude participants could recover from with a single step.
Results: forty-four (22%) participants experienced one or more falls during the follow-up period. Maximal recoverable lean
magnitude and use of multiple steps to recover at the 15% body weight (BW) and 25%BW lean magnitudes significantly pre-
dicted a future fall (odds ratios 1.08–1.26). The Physiological Profile Assessment, an established tool that assesses variety of
sensori-motor aspects of falls risk, was also predictive of falls (Odds ratios 1.22 and 1.27, respectively), whereas age, sex, pos-
tural sway and timed up and go were not predictive.
Conclusion: reactive stepping behaviour in response to forward loss of balance and physiological profile assessment are inde-
pendent predictors of a future fall in community-dwelling older adults. Exercise interventions designed to improve reactive
stepping behaviour may protect against future falls.
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Background

Falls in older adults are a major global public health concern.
Impaired sensori-motor function including vision, reaction
time, balance, strength and gait function has been identified
as key risk factors for falls in community-dwelling older
adults, and is amenable to intervention [1]. Common tests of
general sensori-motor function and balance in community-
dwelling older adults include postural sway assessments, limit

of stability tests, gait function (e.g. speed and variability),
timed-up-and-go test (TUG), Berg Balance Scale, Tinetti
Test and the physiological profile assessment (PPA). These
tests generally evaluate the ability to maintain balance,
because the whole body centre of mass typically remains
within the base of support. However, for a fall to occur an in-
dividual must first experience loss of balance, and then sub-
sequently be unable to recover their balance. It therefore
follows that tests that evaluate the ability to rapidly recover
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from loss of balance may also be effective in identifying
older adults at risk of falling.

In the absence of opportunities to stabilise the body by
grasping an external support, the main strategy used to
recover balance from large postural perturbations is the rapid
protective stepping response [2]. Older adults experience
substantially greater difficulty in recovering from loss of
balance by stepping than younger adults, across a broad
range of experimental conditions [3–8]. The most common
experimental method by which stepping responses have been
examined to date involves participants being suddenly
released from an initial static lean angle [2, 9]. Studies using
this paradigm have mostly investigated forward loss of
balance, and indicate that older adults have a lower
maximum lean angle from which they can recover with a
single step [9] and are more likely to require multiple steps to
recover from a given lean angle than young adults [3]. The
mechanisms underlying these age-related deficits are deter-
mined prior to touchdown of the stepping limb [10, 11] and
include a shorter step length and poor control of upper body
posture [3, 10, 12], weakness of the hip flexors and knee
extensors [13], reduced lower limb muscle activation [14] and
reduced power production in the stepping limb during the
stepping phase [15]. Although balance recovery behaviour in
response to a medio-lateral perturbation has been shown to
be predictive of a future fall [16, 17], inability to recover with
a single step following a forward loss of balance, which is the
most common fall direction, is lacking. Furthermore, older
fallers with a deterioration of anterior–posterior balance have
been shown to be at higher risk of serious injury following
fall events [18]. If specific measures of balance recovery
ability in the anterior–posterior direction could be shown to
be predictive of a future fall, then this would add to the
mounting evidence concerning the clinical importance and
functional relevance of stepping behaviour in falls prevention
[19, 20].

The primary purpose of this 12-month prospective
study was to assess whether the ability to recover from a
forward loss of balance with a single step across a range of
lean magnitudes was predictive of falls (all falls and
forward falls). It was hypothesised that: (i) older adults
who require multiple compared with single steps to recover
from a forward loss of balance and older adults with a
lesser maximal ability to recover with a single step follow-
ing a forward loss of balance would be more likely to fall in
the following year; and (ii) that reactive stepping responses
would be stronger predictors of a future forward fall than
measures of postural sway magnitude and the TUG test,
because they more closely mimic the biomechanics of a
real-world fall. A secondary purpose of this study was to
assess whether women had more difficulty in recovering
balance with a single step at each lean magnitude, and
whether women have a greater odds of experiencing a fall
in the 12-month period compared with men. We hypothe-
sised that a greater proportion of women would require
multiple steps at each lean magnitude and that sex (female)
would be a predictor of a future fall.

Methods

Participants

Two hundred and fifty-nine community-dwelling older adults
responded to an ‘expression of interest’ letter sent to 3,000
local residents. The list of 3,000 local residents was randomly
selected from a pool of 56,709 local residents who were regis-
tered on the electoral roll and aged between 65 and 80 years.
Individuals that reported neurological, metabolic, cardio-
pulmonary, musculoskeletal or uncorrected visual impairment
were excluded. Ethics approval was obtained from the
Institutional Human Research Ethics Committee and written
informed consent was obtained prior to participation.

Balance recovery protocol

The balance recovery protocol was conducted as described pre-
viously [12]. Participants stood barefoot with their feet
shoulder-width apart in an neutral posture and were tilted
forward, keeping their feet flat on the ground, until 15, 20 or
25% of body weight (BW) was recorded on a load cell
(S1W1kN, XTRAN, Australia) placed in series with an inexten-
sible cable. Cable force on the load cell and centre of pressure
recorded from a force platform were displayed in real-time to
ensure anticipatory actions (e.g. antero-posterior and medio-
lateral weight shifting) and were not evident in the period prior
to cable release. The cable was released at a random time inter-
val (2–10 s) following achievement of the prescribed posture
and cable force (± 1%BW), and participants were instructed to
relax while maintaining an upright posture and to regain
balance with a single step using the stepping lower limb of their
choice, once they perceived they were falling. Participants per-
formed four trials at each lean magnitude, with block random-
isation used to determine the lean magnitude sequence (i.e. 15,
20 or 25%BW) for the 12 trials. Whole body three-dimensional
balance recovery kinematics were collected and calculated as
described previously [21].

For each trial, participants were classified as adopting either
a single or a multiple step balance recovery strategy [12].The cri-
teria used to distinguish a multiple step from a single step for
each trial were: (i) a second step of any kind by the stepping leg
or anterior progression of the non-stepping foot past the step-
ping foot following the initial step, or application of 20%BWor
more to the ceiling restraint cable at any point during recovery
[12]. The following groups were subsequently defined on the
basis of the recovery strategy adopted by each participant across
the four trials at each lean magnitude:

(1) Single steppers. Single step recovery strategy for all four
trials.

(2) Mixed steppers. Mix of multiple and single step recovery
strategies across four trials.

(3) Multiple steppers. Multiple step recovery strategy for all
four trials or reliance on a multiple step recovery strategy
at a lower lean magnitude.

Following the 12 trials, two to five additional trials were
attempted by each participant to determine the maximal
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recoverable lean magnitude (MRLM) that they could recover
from with a single step. The cable was systematically increased
in �1%BW increments until the participant could no longer
recover with a single step.

PPA, postural sway and TUG

Falls risk was assessed using the PPA, which has been vali-
dated on over 2,000 adults predicting multiple faller and non-
multiple faller individuals with 75% accuracy [1]. The PPA
includes assessment of vision, sensation, leg strength, reac-
tion time, postural sway and dynamic balance that provides
an overall falls risk score between −2 (very low falls risk) and
4 (very marked falls risk) [1]. Individual postural sway com-
ponents of the PPA were assessed separately and measured
the amount of sway over a 30 s period [1]. Sway testing was
performed with eyes open and closed, on a firm surface and
on a medium-density foam rubber mat (15 cm thick). The
TUG test was also performed as described previously [22].

Falls surveillance

A fall was defined as ‘an unexpected event in which the par-
ticipant came to rest on the ground, floor or lower level’ [23].
Following baseline testing, participants were provided with a
monthly falls diary containing questions relating to falls and
injuries [23]. In the event of a fall, participants were
instructed to complete the questions, as soon as possible in
the month in which the fall occurred. A research assistant
contacted each participant by phone once a month for 12
months to collect data relating to falls. Participants were sub-
sequently classified as non-fallers, single- or multiple-fallers.
Individuals were further classified as forward fallers if they
experienced a loss of balance and came to rest in a location
anterior to the initial perturbation on one or more occasions.
Baseline data were collected for 209 participants and 201 par-
ticipants were followed up over 12 months (Figure 1). The
mean (±1 SD) age, height and mass of the remaining 201
participants (97 men and 104 women) were 72.9 ± 58 years,
1.66 ± 0.09 m and 74.8 ± 12.9 kg, respectively.

Statistical analysis

To assess whether dependent variables (age, sex, PPA, TUG,
sway measures and balance recovery measures) could predict
individuals who would experience one or more falls, com-
pared with no falls, and one or more forward falls, compared
with no falls, in the 12 months following baseline testing,
Odds ratios (OR) representing the mean difference between
groups were calculated. Significance of the OR was assessed
using the Wald test. An additional forward stepwise binary
logistic regression model was performed to assess the vari-
able(s) that best predicted odds of a future forward fall.
Statistical analyses were performed using IBM SPSS (Version
20, IBM SPSS, USA). Significance was accepted for P < 0.05.

Results

Participant passage

From the 259 people who volunteered for the project, 48 did
not meet the eligibility criteria during screening or baseline
testing and 8 did not complete the 12 month follow-up falls
calendars.

A total of 201 people (97 men, 104 women, mean age
74.9 ± 5.8 years) completed baseline assessments and follow-
up falls calendars (see Figure 1 for participant passage).

Falls surveillance

A total of 69 falls were recorded (range 1–7, mean = 1.6 per
faller). Forty-eight falls (70%) resulted from a forward loss of
balance, 9 (13%) from a backward loss of balance while in 12
cases (17%) the direction of balance loss was unknown. Of
the 201 participants that completed follow-up, 157 (78%) did
not experience a fall, 30 (15%) experienced 1 fall and 14
(7%) experienced 2 or more falls. Thirty-two participants
(15.9%) were injured as a result of a fall with four partici-
pants sustaining fractures and five participants sustaining

Figure 1. Flow chart of recruitment, screening and follow-up
process.

111

Reactive stepping predicts a future fall
D

ow
nloaded from

 https://academ
ic.oup.com

/ageing/article/44/1/109/21393 by guest on 20 August 2022



significant soft tissue injuries; 22.4% of participants reported
falling in the previous year.

Balance recovery measures

The number of older adults who recovered using a single step
strategy decreased as lean magnitude increased (Figure 2a). At
each lean magnitude, there were a greater number of female
compared with male multiple steppers (Figure 2a). At each lean
magnitude, there were a greater absolute (Figure 2b) and rela-
tive (Figure 2c) number of male and female multiple steppers

who subsequently experienced a fall in the 12-month follow-up
period compared with male and female single steppers.

Fall prediction

Demographic, traditional sensori-motor falls risk measures
and balance recovery measures for non-fallers, fallers and the
subgroup of forward fallers are presented in Table 1. Logistic
regression analysis revealed that MRLM, use of multiple
compared with single steps to recover from forward loss of
balance at the 15%BW and 25%BW lean magnitudes and

Figure 2. Number of older male and female participants who recovered using either single, mixed and multiple step recovery strat-
egies at the 15%BW, 20%BWand 25%BW lean magnitudes (a), absolute number of fallers who recovered using either single, mixed
and multiple step recovery strategies at each lean magnitude (b), and percentage of fallers who recovered using either single, mixed
and multiple step recovery strategies at each lean magnitude (c). F, Female, M, Male.
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PPA score significantly increased the odds of experiencing a
future fall. Use of multiple steps compared with single steps
to recover from forward loss of balance at all lean magni-
tudes, PPA score, sway on foam with eyes open and age also
significantly increased the odds of experiencing a future
forward fall. Forward stepwise logistic regression analysis
revealed that PPA and use of multiple steps compared with
single steps to recover from forward loss of balance at the
highest lean magnitude were independent predictors of a
future fall (overall model: chi-square = 13.59, P < 0.01).

Discussion

In support of our hypothesis, measures of recovery from
forward loss of balance by stepping were found to be predict-
ive of real-world falls and forward falls in particular, over the
subsequent 12 months in community-dwelling older adults.
Consistent with these findings was the observation that a
greater proportion of fallers were multiple steppers compared
with single steppers at each lean magnitude. In fact only 1 of
44 participants who experienced a fall was able to recover with
a single step at the 25%BW lean magnitude. These results
build on the findings of Hilliard et al. [16] and Mille et al. [17]
who showed that stepping reactions to medio-lateral and anter-
ior perturbations were predictive of future falls. Furthermore,
in a study of responses to multi-directional force-controlled
waist-pull perturbations, Sturnieks et al. [24] found future
fallers had a lower force threshold to stepping in the lateral and
posterior directions, and that these reactive responses were pre-
dictive of falls. Furthermore, in a study of 477 retirement
village residents, Lord et al. [25] found that poor performance
in a choice stepping reaction time test was a significant and

independent predictor for falls. Taken together, these findings
suggest that improving the ability of older adults to respond to
loss of balance through training of reactive stepping responses
may be an efficacious fall prevention strategy. Indeed, there is
already evidence that balance training which targets specific
deficits in stepping behaviour leads to improvements in
balance recovery [26]. There is also increasing evidence that
repeated exposure to loss of balance can result in rapid
improvements in balance recovery by stepping [19, 21]. These
findings are consistent with the principles of training specificity
and suggest that safely exposing older adults to loss of balance
in a manner consistent with the dynamics of real-world fall
scenarios may be a worthwhile adjunct to exercise-based fall
prevention programmes. The effects of such interventions on
actual falls remain unknown at this time.

Measures of postural sway and TUG performance are
commonly used as measures of falls risk. However, in support
of our hypothesis, only one of these measures (postural sway
on foam with eyes open), predicted a future forward fall in the
present study. Mackey and Robinovitch [27] reported a lack of
association between postural steadiness during quiet stance
and balance recovery by stepping. Our findings therefore
extend those of Mackey and Robinovitch [27] and suggest that
dynamic measures of balance recovery by stepping, which
evaluate the ability to rapidly generate muscle force and to co-
ordinate the recovery patterns in response to an unexpected
perturbation, are more closely related to the mechanism of
real-world falls than measures of postural sway and TUG.

Consistent with previous research, the PPA falls risk
score was a significant predictor of a forward fall during the
12-month follow-up period [1, 28, 29]. The PPA addresses a
variety of sensori-motor aspects including vision, sensation,
leg strength, reaction time, postural sway and dynamic

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1. Demographic, sensori-motor and balance recovery measures (mean ± standard deviation) for non-fallers,
single-fallers and multiple-fallers, and assessment of whether these risk factors predict occurrence of one or more falls in the
12-month follow-up period using odds ratio (OR)

Risk factors Non-fallers (n= 157) Fallers (n= 44) Forward fallers (n= 31) Odds ratioa (95% CI) Odds ratiob (95% CI)

Demographic measures
Age (years) 72.6 ± 5.5 74.2 ± 6.5 75.2 ± 6.8 1.05 (0.99–1.11) 1.12 (1.02–1.24)*
Sex (% female) 50% 57% 61% 1.20 (0.66–2.55) 1.56 (0.71–3.44)
Sensori-motor measures
Timed Up and Go (s) 6.4 ± 1.8 6.7 ± 2.1 6.9 ± 2.4 1.03 (0.98–1.08) 1.04 (0.98–1.10)
PPA 0.6 ± 0.8 1.0 ± 1.2 1.2 ± 1.2 1.22 (1.06–1.40)* 1.31 (1.11–1.54)*
Sway floor eyes open (cm2) 3.3 ± 3.1 3.8 ± 4.0 4.2 ± 4.5 1.08 (0.97–1.07) 1.03 (0.98–1.09)
Sway floor eyes closed (cm2) 3.8 ± 3.7 5.1 ± 8.7 5.6 ± 10.1 1.05 (0.97–1.1) 1.06 (0.98–1.15)
Sway foam eyes open (cm2) 10.3 ± 7.7 13.7 ± 14.2 14.4 ± 12.0 1.1 (1.00–1.24) 1.16 (1.02–1.33)*
Sway foam eyes closed (cm2) 19.8 ± 18.8 21.9 ± 26.6 22.0 ± 26.3 1.1 (1.00–1.22) 1.01 (0.97–1.05)
Balance recovery measures
Stepping strategy 15%BW 1.7 ± 0.9 2.0 ± 0.9 2.1 ± 0.9 1.13 (1.01–1.26)* 1.15 (1.01–1.30)*
Stepping strategy 20%BW 2.3 ± 0.8 2.5 ± 0.8 2.6 ± 0.8 1.08 (0.98–1.18) 1.14 (1.01–1.28)*
Stepping strategy 25%BW 2.6 ± 0.7 2.9 ± 0.4 3.0 ± 0.2 1.26 (1.00–1.58)* 1.83 (1.04–3.24)*
MRLM (%BW) 18.5 ± 7.0 15.8 ± 7.1 15.8 ± 7.1 1.15 (1.01–1.31)* 1.22 (1.05–1.42)*

Odds ratios refer to a unit change represented at the mean difference between non-fallers and fallers.
MRLM, maximal recoverable lean magnitude; BW, body weight; BH, body height.
aOdds ratios for predicting one or more falls.
bOdds ratios for predicting one or more forward fall.
*P< 0.05.
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balance. The finding that stepping strategy at the 25%BW
lean magnitude and PPA were both independent predictors
of a future forward fall suggests that reactive stepping ability
is not adequately accounted for in the PPA and that addition-
al measures of reactive steeping ability are required when
evaluating falls risk in older adults.

Age and sex are also established and important risk factors
for falls [30], but were not found to be significant predictors of
general falls in the present study, although age was found to be
a significant predictor of a future forward fall. The modest as-
sociation between age and real-world falls in the current study
most likely reflects the characteristics of the included partici-
pants, who were all living independently in the community and
with no co-morbidities that would affect their motor function.
Older participants with substantial balance deficits were there-
fore excluded from the study. The finding that multiple step-
pers at the two higher lean magnitudes consisted a greater
proportion of females compared with males and the tendency
for female participants to have a greater odds of experiencing
a future fall is consistent with our previous finding of general-
ised muscle weakness in this subgroup [13]. The absence of
association between sex and falls in the presence of sex differ-
ences in balance recovery measures may therefore reflect sex
differences in other factors such as risk exposure to falls by
sex (e. g. activity limitation).

The main practical application of the findings from this
study is that they provide support for the use of reactive step-
ping tasks in balance training programmes and falls risk assess-
ments, although the specific nature of these tasks may need to
be modified for the clinical environment, especially in terms of
equipment required. The mini-BESTest [31] is a recently com-
piled assessment tool that focuses on dynamic balance, specif-
ically anticipatory transitions, postural responses, sensory
orientation and dynamic gait for falls risk. The results of the
current study provide support for using tools such as the
mini-BESTest for assessing falls risk, as it includes a specific
component on compensatory stepping correction.

Conclusion

Reactive stepping behaviour in response to forward loss of
balance significantly predicted a future fall, whereas measures
associated with postural sway did not. These findings point
to the possibility that exercise interventions designed to
improve reactive stepping behaviour together with other
known sensori-motor deficits such as lower extremity
strength and power may protect against future falls.

Key points

• Reactive stepping ability predicted a future fall.
• Sex, postural sway and timed-up-and-go tests did not
predict a future fall.

• Reactive stepping training may reduce falls risk in older
adults.

Conflicts of interest

None declared.

Funding

This work was supported by the Australian National Health
and Medical Research Council (project grant 536508).

References

1. Lord SR, Menz HB, Tiedemann A. A physiological profile ap-
proach to falls risk assessment and prevention. Phys Ther
2003; 83: 237–52.

2. Do MC, Breniere Y, Brenguier P. A biomechanical study of
balance recovery during the fall forward. J Biomech 1982; 15:
933–9.

3. Carty CP, Mills P, Barrett R. Recovery from forward loss of
balance in young and older adults using the stepping strategy.
Gait Posture 2011; 33: 261–7.

4. Hsiao-Wecksler ET. Biomechanical and age-related differences
in balance recovery using the tether-release method. J
Electromyogr Kinesiol 2008; 18: 179–87.

5. Maki BE, McIlroy WE. Control of rapid limb movements for
balance recovery: age-related changes and implications for fall
prevention. Age Ageing 2006; 35(Suppl. 2): ii12–8.

6. Pavol MJ, Pai YC. Deficient limb support is a major contribu-
tor to age differences in falling. J Biomech 2007; 40: 1318–25.

7. Tokuno CD, Cresswell AG, Thorstensson A, Carpenter MG.
Age-related changes in postural responses revealed by support-
surface translations with a long acceleration-deceleration inter-
val. Clin Neurophysiol 2010; 121: 109–17.

8. van Dieen JH, Pijnappels DA, Bobbert MF. Age-related intrin-
sic limitations in preventing a trip and regaining balance after a
trip. Saf Sci 2005; 43: 437–53.

9. Thelen DG, Wojcik LA, Schultz AB, Ashton-Miller JA,
Alexander NB. Age differences in using a rapid step to regain
balance during a forward fall. J Gerontol A Biol Sci Med Sci
1997; 52: M8–13.

10. Arampatzis A, Karamanidis K, Mademli L. Deficits in the way
to achieve balance related to mechanisms of dynamic stability
control in the elderly. J Biomech 2008; 41: 1754–61.

11. Hof AL, Gazendam MG, Sinke WE. The condition for
dynamic stability. J Biomech 2005; 38: 1–8.

12. Carty CP, Cronin NJ, Lichtwark GA, Mills PM, Barrett RS.
Mechanisms of adaptation from a multiple to a single step re-
covery strategy following repeated exposure to forward loss of
balance in older adults. PLoS One 2012; 7: e33591.

13. Carty CP, Barrett RS, Cronin NJ, Lichtwark GA, Mills PM.
Lower limb muscle weakness predicts use of a multiple- versus
single-step strategy to recover from forward loss of balance in
older adults. J Gerontol A Biol Sci Med Sci 2012; 67: 1246–52.

14. Cronin NJ, Barrett RS, Lichtwark G, Mills PM, Carty CP.
Decreased lower limb muscle recruitment contributes to the
inability of older adults to recover with a single step following a
forward loss of balance. J Electromyogr Kinesiol 2013; 23:
1139–44.

15. Carty CP, Cronin NJ, Lichtwark GA, Mills PM, Barrett RS.
Lower limb muscle moments and power during recovery from
forward loss of balance in male and female single and multiple
steppers. Clin Biomech (Bristol, Avon) 2012; 27: 1031–7.

114

C. P. Carty et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/ageing/article/44/1/109/21393 by guest on 20 August 2022



16. Hilliard MJ, Martinez KM, Janssen I, Edwards B, Mille ML,
Zhang Y, Rogers MW. Lateral balance factors predict future
falls in community-living older adults. Arch Phys Med Rehabil
2008; 89: 1708–13.

17. Mille ML, Johnson-Hilliard M, Martinez KM, Zhang Y,
Edwards BJ, Rogers MW. One step, two steps, three steps
more ... directional vulnerability to falls in community-dwelling
older people. J Gerontol A Biol Sci Med Sci 2013; 68: 1540–8.

18. Kurz I, Oddsson L, Melzer I. Characteristics of balance
control in older persons who fall with injury—a prospective
study. J Electromyogr Kinesiol 2013; 23: 814–9.

19. Grabiner MD, Bareither ML, Gatts S, Marone J, Troy KL.
Task-specific training reduces trip-related fall risk in women.
Med Sci Sports Exerc 2012; 44: 2410–4.

20. Bhatt T, Yang F, Pai YC. Learning to resist gait-slip falls: long-
term retention in community-dwelling older adults. Arch Phys
Med Rehabil 2012; 93: 557–64.

21. Barrett RS, Cronin NJ, Lichtwark GA, Mills PM, Carty CP.
Adaptive recovery responses to repeated forward loss of
balance in older adults. J Biomech 2012; 45: 183–7.

22. Shumway-Cook A, Brauer S, Woollacott M. Predicting the
probability for falls in community-dwelling older adults using
the Timed Up & Go Test. Phys Ther 2000; 80: 896–903.

23. Lamb SE, Jorstad-Stein EC, Hauer K, Becker C. Development
of a common outcome data set for fall injury prevention trials:
the Prevention of Falls Network Europe consensus. J Am
Geriatr Soc 2005; 53: 1618–22.

24. Sturnieks DL, Menant JC, Vanrenterghem J, Rogers MW,
Fitzpatrick RCLord SR. Force-controlled balance

perturbations associated with falls in older people: a prospect-
ive cohort study. PLoS One 2013; 8: e70981.

25. Lord SR, Fitzpatrick RC. Choice stepping reaction time: a
composite measure of falls risk in older people. J Gerontol A
Biol Sci Med Sci 2001; 56: M627–32.

26. Arampatzis A, Peper A, Bierbaum S. Exercise of mechanisms
for dynamic stability control increases stability performance in
the elderly. J Biomech 2011; 44: 52–8.

27. Mackey DC, Robinovitch SN. Postural steadiness during quiet
stance does not associate with ability to recover balance in
older women. Clin Biomech (Bristol, Avon) 2005; 20: 776–83.

28. Moreland JD, Richardson JA, Goldsmith CH, Clase CM.
Muscle weakness and falls in older adults: a systematic review
and meta-analysis. J Am Geriatr Soc 2004; 52: 1121–9.

29. Kerr GK, Worringham CJ, Cole MH, Lacherez PF, Wood JM,
Silburn PA. Predictors of future falls in Parkinson disease.
Neurology 2010; 75: 116–24.

30. Deandrea S, Lucenteforte E, Bravi F, Foschi R, La Vecchia C,
Negri E. Risk factors for falls in community-dwelling older
people: a systematic review and meta-analysis. Epidemiology
2010; 21: 658–68.

31. Franchingnoni F, Horak F, Godi M, Nardone A, Giordano A.
Using psychometric techniques to improve the Balance
Evaluation Systems Test: the mini-BESTest. J Rehabil Med.
2010; 4: 323–31.

Received 24 September 2013; accepted in revised form

12 March 2014

Age and Ageing 2015; 44: 115–122
doi: 10.1093/ageing/afu136

© The Author 2014. Published by Oxford University Press on behalf of the British Geriatrics Society.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

Published electronically 7 October 2014

Effects of vertical and side-alternating vibration

training on fall risk factors and bone turnover

in older people at risk of falls
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Abstract

Background: whole-body vibration training may improve neuromuscular function, falls risk and bone density, but previous
studies have had conflicting findings.
Objective: this study aimed to evaluate the influence of vertical vibration (VV) and side-alternating vibration (SV) on musculo-
skeletal health in older people at risk of falls.
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