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Abstract

Background—Age-related difficulty in controlling lateral stability is of crucial importance
because lateral falls increase risk of debilitating hip-fracture injury. This study examined whether a
small increase in footwear sole width can improve ability of older adults to regain lateral stability
subsequent to balance perturbation.

Methods—The study involved sixteen healthy, ambulatory, community-dwelling older adults
(aged 65-78). Widened base-of-support (WBOS) footwear was simulated by affixing polystyrene-
foam blocks (20mm wide) on the medial and lateral sides of rubber overshoes; unaltered overshoes
were worn in normal (NBOS) trials. Balance perturbations were applied using a motion platform.

Results—Gait, mobility and agility tests revealed no adverse effects of wearing the WBOS
footwear. Lateral-perturbation tests showed that the WBOS footwear improved ability to stabilize
the body without stepping (p=0.002). Depending on the perturbation magnitude, the frequency of
stepping was reduced by up to 25% (64% of NBOS trials vs 39% of WBOS trials). In addition, the
WBOS footwear appeared to improve ability to maintain lateral stability during forward-step
reactions, as evidenced by reduced incidence of additional lateral steps (p=0.04) after stepping
over an obstacle in response to a forward-fall perturbation.

Conclusions—A small increase in sole width can improve certain aspects of lateral stability in
older adults, without compromising mobility and agility. This finding supports the viability of
WBOS footwear as an intervention to improve balance. Further research is needed to test
populations with more severe balance impairments, examine user compliance, and determine if
WBOS footwear actually reduces falling risk in daily life.
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Difficulty in controlling balance is a major concern for increased risk of falls and fall-related
injuries in older adults. In particular, age-related difficulty in controlling lateral stability is of
crucial importance because lateral falls increase risk of debilitating hip-fracture injuryl-2,

A fall occurs when the balance-recovery reactions fail to fully counter the destabilization
caused by a perturbation such as a slip, trip or collision3. To maintain postural stability, the
displacement and the velocity of the body center of mass (COM) must be regulated within
the stability limits of the base of support (BOS) defined by the feet (as well as the hands,
when touching an object for support)3-6. Stabilizing reactions to balance perturbations must
therefore involve deceleration of the COM with respect to the existing BOS stability limits
(via generation of appropriate joint torques) or limb movements to alter the BOS (via rapid
stepping or reach-to-grasp movements).

Older adults often appear to experience difficulty in responding to lateral balance
perturbation’~14, and a number of these difficulties have been found to predict increased risk
of falling in daily life’~11. Older adults tend to be less able than younger persons to maintain
upright stance without exceeding their BOS stability limits, i.e. without stepping or grasping
for support!2. Furthermore, older adults often appear to experience difficulty when stepping
in response to lateral perturbation, as evidenced by:(i) an increased likelihood of collisions
between the stepping foot and the stance limb, (ii) a tendency to avoid crossover steps, and
(iii) a higher incidence of multiple-step responses’:8:11.13.14 1n addition, when stepping in
response to antero-posterior perturbation, older adults often seem to experience difficulty in
maintaining lateral stability during the initial step, thereby necessitating additional steps in
the lateral direction?:8:15.16,

In theory, footwear that increases the lateral BOS limits could help compensate for age-
related difficulties in maintaining lateral stability, and thereby reduce risk of falling. Such an
increase in BOS width would accommaodate increased lateral COM excursion without loss of
stability, and allow an additional time margin for the COM to reach the BOS limits3. In
addition, it could enable larger stabilizing moments to be generated by allowing increased
displacement of the centre of foot pressure (COP) in relation to the COM317, Such effects
could possibly improve ability to withstand perturbations without stepping and reduce the
number of steps required when stepping to regain equilibrium. On the other hand, excessive
widening of the footwear might exacerbate difficulties in avoiding limb collisions when
stepping laterally, and could also have other adverse effects on mobility and agility.

Previous research has shown that features of footwear design, such as heel height!8.1°, heel
collar height?9, and sole thickness and hardness?1, can have an impact on various aspects of
balance. Of particular relevance here is a study that examined the effect of flaring of the
outer sole in community-dwelling older adults?2. Flaring of 20° increased the BOS width by
5mm on each side of the foot (Figure 1a), but was found to have no effects on postural sway,
maximal balance range, coordinated stability and choice-stepping reaction time22. However,
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this study did not assess possible effects on balance-recovery reactions. To the authors’
knowledge, there are no studies in the literature that have evaluated the effect of footwear
width on the efficacy of balance-recovery reactions evoked by unpredictable balance
perturbation.

The objective of this initial ‘proof-of-principle’ study was to determine whether a small
increase in footwear width (20mm medially plus 20mm laterally) can improve ability of
older adults to regain lateral stability after experiencing a balance perturbation.
Unpredictable balance perturbations were delivered using motion-platform translation, and
each subject was tested while wearing normal BOS (NBOS) footwear and widened BOS
(WBOS) footwear. We hypothesized that the widened BOS footwear would improve lateral
stability of older adults during: (i) natural reactions evoked by lateral perturbation (fewer
multiple-step responses); (ii) constrained ‘try not to step’ reactions to lateral perturbation
(increased ability to recover balance without stepping); and (iii) stepping evoked by antero-
posterior perturbation (fewer lateral-step responses). We also hypothesized that the relatively
small increase in footwear width would allow these benefits to be achieved without any
adverse effects on: (i) frequency of limb collisions during lateral step reactions, or (ii) more
general measures of gait and mobility/agility.

Sixteen healthy older adults (8 men, 8 women; age 65-78 years; height 1.50-1.83m; mass
63.5-95.3kg) participated in this experiment. All subjects were naive (ho previous balance
testing), lived independently in the community and were able to ambulate without any aids.
Volunteers were excluded if they reported any neurological or sensory disorders, use of
medications that may affect balance, medical conditions interfering significantly with daily
activities, or functional limitations of limb use. Each subject provided written informed
consent to comply with ethics approval granted by the institutional review board.

of widened-BOS footwear

For the purposes of this initial ‘proof-of-principle’ study, we simulated the effect of wearing
WBOS footwear by affixing 20mm-wide blocks of polystyrene foam (density 64kg/m3,
compressive strength 207kPa) on the medial and lateral sides of rubber overshoes (METRO,
M&B Shoe Care, Ontario, Canada) with double-sided tape and duct tape (Figure 1b). Pilot
tests were performed to ensure that the taped polystyrene was sufficiently strong to
withstand repeated use during the experimental protocol without sustaining any overt
loosening or damage to the polystyrene. Unmodified overshoes were worn in the normal
base-of-support (NBOS) trials. For both WBOS and NBOS trials, subjects wore their own
comfortable, walking shoes underneath the overshoes. To ensure a secure fit, each subject
was fitted with an appropriate size of overshoe [Small (US6-7), Medium (US8-9), Large
(US10-11), or Extra large (USA12-13)], and packing was used (when necessary) to fill any
spaces between the shoe and overshoe.
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Subjects were tested with the NBOS and WBOS footwear in separate sessions. The order of
sessions was balanced across subjects.

Gait and mobility tests—Tests of preferred- and maximum-speed gait23, tandem gait2#,
Timed-Up-and-Go2>26, and 180°-turn2’ were carried out to see if the WBOS footwear
affected gait and mobility. In preferred- and maximum-speed gait tests, subjects were
instructed to walk on a 5-m GAITRite mat (CIR Systems, NJ, USA) at their self-selected
pace (ten traverses) or at maximum speed (four traverses). Spatial and temporal step
parameters were determined by the GAITRIte software. In the tandem-gait tests, the time
required to complete 5-m of tandem (heel to toe) gait was measured, along with the number
of missteps (i.e. heel or side of leading foot does not touch toes of stance foot). The tandem
gait index (TGI) was calculated as expended time (X) plus twofold of mistake frequency
(Y); i.e. TGI=X+2Y24, In the Timed-Up-and-Go test, subjects were timed while they rose
from an arm chair, walked 3m, turned, walked back, and sat down again2®. In the 180°-turn
test, subjects were asked to turn 180° without pivoting?’, and the time and number of steps
taken to complete the turn were measured.

Balance-perturbations—Postural reactions were evoked by sudden translation of a
computer-controlled movable platform812 on which the subject stood or walked in place.
The large size of the platform surface (2mx2m) allowed sufficient space for subjects to take
two or more steps in any direction. Subjects wore a safety harness designed to prevent
falling to the floor without affecting balance reactions. To deter predictive responses, the
perturbations were applied unpredictably in terms of direction and time of onset. In all
perturbation trials, subjects held a lightweight rod (3cm diameter, 40cm length) behind the
back to deter arm movement28. The perturbation characteristics are listed in Table 1 and
Figure 2.

Balance-perturbation protocol—Three main blocks of balance-perturbation trials were
performed: (i) ‘unconstrained’ reactions in which subjects were allowed to respond naturally,
(ii) “‘constrained’ reactions in which subjects were asked to try not to step, and (iii) ‘cued
forward-step’ reactions in which subjects were required to recover balance by stepping
forward over an obstacle and landing the step foot on a target. In each case, the perturbations
were delivered during bipedal stance. In addition, the ‘unconstrained’ block included trials
in which the perturbations were delivered while the subject walked in place.

The focus of the ‘unconstrained’ and ‘constrained’ trials was on the responses evoked by
lateral platform perturbations, whereas the focus of the ‘cued forward-step’ trials was on
lateral instability arising during the forward stepping evoked by backward platform
translation (the obstacle and target serving to heighten this challenge to lateral stability29).
Additional ‘wild-card’ trials, involving other perturbation directions and/or magnitudes (or
no perturbation at all), were interspersed during the ‘unconstrained’ trial blocks so as to
increase unpredictability and deter predictive responses (Table 1), but were not included in
any of the analyses.
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In stance trials, subjects stood in a standard comfortable position (14° angle between medial
foot margins, heel-center spacing=11% of body height® prior to perturbation onset. For
walk-in-place trials, subjects were instructed to step to the beat of metronome (100 steps/
minute, step height 2-3cm) while keeping the feet within a rectangular boundary
circumscribing the standard position described above; the perturbation was computer-
triggered to occur at the onset of a randomly selected step (stance-foot vertical force,
recorded by the platform force plates, >90% of body weight).

The ‘unconstrained’ trial block comprised eighteen stance-perturbation trials [six leftward
and six rightward platform translations (2.0m/s2, 0.6m/s), plus six ‘wild-card’ trials]
followed by nine walk-in-place trials [three leftward and three rightward platform
translations (2.0m/s2, 0.6m/s), plus three ‘wild-card’ trials]. All subjects performed the same
pseudorandom sequence of perturbations in each block. Subjects were instructed to look
straight ahead at a visual target, to try not to move their arms, and to otherwise “do whatever
comes naturally to prevent yourself from falling”.

In the ‘constrained’ trial block, subjects were instructed to try not to step and to take as few
steps as possible if they needed to step. Subjects were also instructed to try not to release the
handheld rod characteristicsor move their arms. To motivate the subjects, they were told that
the subject who was best at avoiding stepping and arm movement would win a cash prize
(CDN$50). The magnitude of lateral perturbation (leftward and rightward) was successively
incremented by 0.5m/s2 from 1.0m/s? to 3.0m/s? (five magnitude levels). Two rightward and
two leftward platform translations were delivered at each of the five perturbation magnitudes
(total of twenty trials for each footwear condition). All subjects performed the same
pseudorandom sequence of perturbation directions at each magnitude.

In the ‘cued forward-step’ trial block, subjects were instructed to recover balance by taking a
single step forward with the right foot. They were also told to avoid contact with the obstacle
placed in front of them and to land the great toe on a target line (a line of red tape extending
forward from the right foot). The obstacle was a narrow bar (3.5cm diameter, 150cm in
length) mounted transversely on the platform in front of the subject (2.5% of body height in
front of the toes) at a height equal to 12.5% of body height?®. Backward platform
translations (3.0 m/s2, 0.9m/s) were used to elicit the stepping reactions, and five such trials
were performed for each footwear condition (total of ten trials for each subject).

Balance-perturbation measurements—Video recordings from four high-resolution
cameras were used to determine if subjects stepped in response to the lateral balance
perturbation, if they took multiple steps, if they moved one or both arms (by releasing the
handheld rod), or if a collision between the step foot and stance leg occurred. These videos
were also used to determine whether the response involved a ‘crossover’ step (foot moved
across the mid-sagittal plane and landed laterally with respect to the stance foot) or a ‘side-
step sequence’ (initial small medial step followed by a lateral step with the other foot)6:13:28,
The occurrence of stepping was verified from force-plate recordings, and was defined to
occur when the vertical ground reaction force of either foot was less than 1% body weight.
For the backward platform translations, we also measured whether lateral step placement
occurred, by using a Vicon motion-capture system to resolve the lateral position of a
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reflective marker placed on the footwear (first metatarsal head) relative to markers on the
motion platform.

Statistical analysis

Results

Statistical analyses were performed to test the hypotheses that WBOS footwear would
reduce the frequency of: (i) multiple-step reactions in ‘unconstrained’ lateral-perturbation
trials; (ii) stepping reactions in ‘constrained’ lateral-perturbation trials; or (iii) lateral-step
reactions in ‘cued forward-step’ trials. We also tested the hypotheses that the WBOS
footwear would have no adverse effects on: (i) frequency of limb collisions during lateral
step reactions, or (ii) measures of gait and agility (i.e. spatial-temporal footstep parameters,
and scores on Timed-Up-and-Go, tandem gait and 180°-turn tests).

The statistical analyses were performed using SPSS (version 19.0, Chicago, IL, USA). For
the ‘constrained’ trials, a two-way repeated-measures analysis of variance (ANOVA) was
performed for each of the frequency measures described above, treating type of footwear
(NBOS or WBOS) and perturbation magnitude (1.0, 1.5, 2.0, 2.5 or 3.0m/s?) as the two
independent variables. For these analyses, the dependent variable was the frequency score
(i.e. percentage of trials) computed within each subject, at each perturbation magnitude and
for each type of footwear. For all other analyses, footwear-type was the only independent
variable, and the dependent variable was either a continuous variable (e.g. Timed-Up-and-
Go score) or a frequency score that was computed within each subject for each type of
footwear. For these analyses, a paired t-test was used to compare the NBOS and WBOS
footwear. Significance level was set at 0.05. When appropriate, the data were rank-
transformed to ensure that the assumptions associated with the ANOVA and paired t-test
were met.

Gait and mobility tests

WBOS footwear slightly increased stride width (by ~1cm, on average) compared with
NBOS footwear, in both preferred (p=0.02) and maximum-speed tests (p=0.01). Walking
velocity and other spatial-temporal parameters were not affected by wearing WBOS
footwear (p’s>0.07). There were also no significant footwear-related differences in tandem-
gait, timed-up-and-go or 180°-turn test scores (p’s>0.15) (Table 2).

Balance-perturbation trials

In the ‘unconstrained’ trials (subjects allowed to respond naturally), subjects almost always
took one or more steps in response to the lateral perturbations (>93.2% of stance trials,
100% of walk-in-place trials), regardless of the type of footwear worn. Other features of the
responses were also similar for both types of footwear (Table 3). Specifically, footwear was
found to have no significant effect on the frequency of trials involving multiple steps,
crossover steps, side-step-sequence responses, limb collisions or arm movements, for either
stance or walk-in-place trials (p’s>0.23).
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In the ‘constrained’ lateral-perturbation trials (subjects instructed to try not to step), subjects
were almost never able to avoid stepping at the two largest perturbation magnitudes (2.5 and
3.0m/s?), but were often able to avoid stepping at the smaller magnitudes (1.0, 1.5 and 2.0m/
s2) (Table 3, Figure 3). Two-way repeated-measures ANOVA indicated that WBOS footwear
improved ability to stabilize the body without stepping (p=0.002), with the size of effect
depending on perturbation magnitude (footwear-by-magnitude interaction: p=0.057).
Depending on the perturbation magnitude, the frequency of stepping was reduced by up to
25% (64.1% of NBOS trials vs 39.1% of WBOS trials, at the lateral perturbation magnitude
of 1.5m/s?).

For the ‘cued forward-step’ trials (subjects required to respond to backward platform
translation by taking a single step forward over an obstacle and landing the foot on a target),
subjects were generally able to clear the obstacle and to land the foot on the target line;
however, they required one or more extra lateral steps to recover equilibrium in ~8% of
trials. WBOS footwear reduced the frequency of trials in which one or more extra lateral
steps occurred (3.8% of WBOS trials versus 13.8% of NBOS trials; p=0.04).

Discussion

The findings provide evidence that a small degree of widening of the footwear outer sole can
improve specific aspects of lateral stability of older adults. Specifically, the results support
our hypotheses that WBOS footwear could enhance the ability to recover balance without
stepping when responding to lateral perturbation, and improve the ability to maintain lateral
stability during the execution of forward-step perturbation reactions. The results also support
our hypothesis that such benefits could be achieved without adversely affecting gait and
mobility, and without increasing the frequency of limb collisions during lateral step
reactions. The results do not, however, provide any evidence to support our hypothesis that
WBOS footwear would reduce the tendency to take multiple steps in responding to lateral
perturbation.

It should be noted that these results were based on multiple statistical analyses. Performing
multiple analyses increases the risk of false positives, i.e. the probability of identifying a
significant difference due to chance alone. A Bonferroni correction is commonly used to
avoid this problem; however, some have noted that this approach is overly conservative and
increases the risk of false negatives3. Using the Bonferroni correction, our critical p-value is
reduced from 0.05 to 0.002. The finding pertaining to the ability to recover balance without
stepping remains statistically significant (p<0.002), but the apparent effect on lateral stability
during forward-step reactions (p<0.04) does not. Therefore, if one wishes to be conservative,
the latter finding should be interpreted only as evidence for a possible trend in the data.

Presumably, the beneficial effects of the WBOS footwear occurred because the increase in
lateral BOS limits accommodated increased lateral COM and COP excursion and enabled
larger stabilizing moments to be generated3-17. Such effects could be sizeable in conditions
where the width of the BOS was relatively small, i.e. during bipedal stance (as in the
‘constrained’ try-not-to-step trials) or during the landing phase of a forward-step reaction (as
in the ‘cued forward-step’ trials). In contrast, the new BOS established by a lateral step
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reaction can lead to a much larger change in the BOS width, with respect to the relatively
small increase in BOS width provided by the WBOS footwear. This may explain the failure
to see any reduction in the frequency of multiple-step responses when wearing the WBOS
footwear.

In theory, it is also possible that the failure to see a significant footwear effect on the
frequency of multi-step responses was due to footwear-related changes in response strategy;
however, the present data do not support this. On average, there was no significant difference
between NBOS and WBOS trials in terms of the pattern of stepping (frequency of crossover
versus sidestep-sequence), nor was there any difference in the frequency of arm reactions
(which might have provided additional stabilization).

As noted earlier, there was no evidence that the WBOS footwear adversely affected gait and
mobility; however, the gait tests did show that WBOS footwear increased stride width. This
may reflect an adaptation to avoid feet collisions during walking. One possible way to avoid
the need for such an adaptation would be to restrict the widening to the lateral margin of the
shoe; however, further work is needed to determine whether this design change would
compromise the stabilizing benefits of the WBOS footwear. Further work is also needed to
determine the optimum increment in sole width to improve lateral stability without
compromising mobility and to determine whether WBOS footwear can actually reduce risk
of experiencing lateral falls in daily life.

Ultimately, we envision that increased sole width could be incorporated as an integral
feature of the shoe or boot design (Figure 1a). It may also be possible to increase the
effective sole width of existing shoes or boots by developing an add-on consumer product
that straps on or fits over the existing shoe. For the purposes of this initial “proof-of-
principle” study, we adopted the latter approach and implemented it in the lab simply by
taping polystyrene blocks onto rubber overshoes (Figure 1b). This approach was inexpensive
and expedient, and had the further advantage of allowing subjects to wear their own
comfortable walking shoes, to which they were well accustomed; however, it is possible that
inter-subject variation in other shoe design features may have influenced the degree to which
the BOS widening affected their balance-recovery reactions. Further research is needed to
identify the optimal combination of shoe-design features.

We elected to focus this initial study on a relatively homogenous cohort of healthy
community-dwelling older adults. There is considerable evidence that many such individuals
have impaired balance-recovery reactions and may be at increased risk of falls’~10; hence,
stabilizing-footwear could well be of benefit to this demographic. Of course, older adults
having more pronounced balance impairments or disorders may well benefit the most from
improved footwear, and further research is needed to examine the effects of widened
footwear in such populations.

Although the WBOS footwear improved specific aspects of lateral stability of older adults,
the acceptability from the user standpoint is also important. In the present study,
questionnaires were administered after completion of the experimental trials. Participants
were asked “to what extent would you be willing to wear shoes like the WBOS footwear
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tested”, using a rating scale ranging from 1 (not at all) to 7 (very much). The mean (SD)
response was 5.4 (1.7), which suggests that a sizeable proportion of older adults may be
willing to wear footwear with a widened outsole. However, further research is needed to
examine this issue and the various factors such as aesthetic appearance that affect
compliance.

Conclusion

This initial study provides evidence that a small increase in footwear sole width can improve
some aspects of lateral stability in older adults, without compromising mobility and agility.
These findings support the viability of using widened footwear as an intervention to improve
balance in older adults. This type of design modification would be relatively simple and
inexpensive for footwear manufacturers to implement; however, further work is needed to
determine the optimal footwear design, to assess user compliance, and to determine whether
such footwear can actually reduce risk of lateral falls in daily life. Further research is also
needed to test populations with more severe balance impairments.
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a)

Footwear with normal sole

(ﬂ\\

Footwear with widened sole (flared sole)

Polystyrene foam ;
Footwear with overshoes and
polystyrene blocks

Footwear with widened sole (no flaring) i &
@ ) ’

Figure 1.
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b)

Rubber overshoes

Widened base-of-support (WBOS) footwear: (a) shoes incorporating widened outsoles (with
or without flaring of the outsole); (b) approach used in this study to simulate the effects of
widening the shoe outsole (i.e. taping of polystyrene blocks onto rubber overshoes)
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Figure 2.
Schematic drawing showing the directions of the platform-motion balance perturbations and

the resulting falling motion
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Figure 3.
Percentage of no-step trials in ‘constrained’ lateral balance-perturbation tests (subjects

instructed to try not to step); the error bars represent standard errors
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