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Abstract
Older adults are more likely than young to fall upon a loss of balance, yet the factors responsible for
this difference are not well understood. This study investigated whether age-related differences in
movement stability, limb support, and reactive stepping contribute to the greater likelihood of falling
among older adults. Sixty young and 41 older, safety-harnessed, healthy adults were exposed to a
novel and unexpected forward slip during a sit-to-stand task. More older than young adults fell (76%
vs. 30%). Falls in both age groups were related to lesser stability and lower hip height at first step
touchdown, with 97.1% of slip outcomes correctly classified based on these variables. Decreases in
hip height at touchdown had over 20 times greater effect on the odds of falling than equivalent
decreases in stability. Three age-differences placed older adults at greater risk of falling: older adults
had lower and more slowly rising hips at slip onset, they were less likely to respond to slipping with
forceful limb extension, and they placed their stepping foot less posterior to their center of mass. The
first two differences, each associated with deficient limb support, reduced hip ascent and increased
hip descent. The third difference resulted in lesser stability at step touchdown. These results suggest
that deficient limb support in normal movement patterns and in the reactive response to a perturbation
is a major contributor to the high incidence of falls in older adults. Improving proactive and reactive
limb support should be a focus of fall prevention efforts.
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Introduction
Falls are a serious and growing health concern for older adults (Kannus et al., 1999). Their
consequences include fear-related restriction of activities, serious injury, and even death
(National Safety Council, 2004; Stel et al., 2004; Tinetti et al., 1988). Increased fall risk in
older adults has been attributed to a variety of sensory, motor, cognitive, environmental, and
medical factors (Moreland et al., 2003; Myers et al., 1996; Northridge et al., 1995). In particular,
many aging-related changes in the postural responses used to maintain and regain balance have
been identified (Maki and McIlroy, 1996; McIlroy and Maki, 1996; Mille et al., 2003; Stelmach
et al., 1989). However, the mechanisms whereby older adults actually fall following a loss of
balance have been little investigated (Lockhart et al., 2003; Pavol et al., 2001; Pijnappels et
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al., 2005). Arguably, understanding these mechanisms will allow for more effective
intervention against falls by older adults.

Factors that can play large roles in falling are movement stability, vertical hip motion related
to the limbs’ support of body weight, and reactive stepping for balance recovery (Pavol et al.,
2004a). Instability (i.e. balance loss) in the transverse plane will lead to a fall unless stability
is reestablished through a change in the base of support, typically by stepping. By normal
definition, however, falls result from vertical descent of the body. Such descent will result from
instability and/or from insufficient limb support. Of particular concern is the potential, during
stepping, for the single support limb to collapse under the body’s weight (Pai et al., in press).
If excessive hip descent occurs prior to step touchdown, the stepping limb will likely contact
the ground in a highly flexed position from which it may be unable to arrest the body’s descent;
a fall could result despite improved stability. At present, the relative roles of movement stability
and limb support in falls by older versus young adults are unknown.

Recent experiments confirmed the general belief that healthy older adults are more likely than
young to fall upon experiencing a novel and unexpected perturbation during movement,
specifically a slip during a sit-to-stand (Pavol et al., 2002b). For a similar perturbation, falls
by young adults were attributable to lesser stability at slip onset followed by limb collapse
during stepping (Pavol et al., 2004a). This study therefore investigated whether age-related
differences in movement stability, in vertical hip motion related to limb support, and in reactive
stepping explained the greater likelihood of falling among older adults.

Methods
The subjects and experimental protocol have been detailed previously (Pavol et al., 2002b).
Forty-one healthy older adults (mean ± SD age: 73 ± 5 years [range: 65-85]; height: 1.69 ±
0.09 m; mass: 79 ± 14 kg; 21 women) and 60 healthy young adults (age: 25 ± 5 years; height:
1.69 ± 0.10 m; mass: 67 ± 14 kg; 44 women) gave written informed consent and were paid to
participate. Older adults were ambulatory and community-dwelling. Subjects were screened
for neurological, musculoskeletal, cardiopulmonary, and other systemic disorders. Older adults
were further screened for cognitive impairment, poor mobility, orthostatic hypotension, and
bone loss (i.e. osteopenia or osteoporosis). Institutional Review Board approval was obtained.

Experimental Protocol
Slips were induced during a sit-to-stand movement using a side-by-side pair of low-friction
platforms (dimensions: 31 × 29 × 2.5 cm; friction coefficient: 0.02). These were free to slide
24 cm forward upon release of their locking mechanisms. Platforms slid independently and
latched into place in their maximum forward positions. Subjects wore a full-body safety
harness, attached from the shoulders to a ceiling-mounted support by a pair of shock-absorbing
ropes. A load cell measured the force exerted on the ropes.

Trials began with subjects sitting on a stool in a standardized position. One shoe rested on each
platform; ankles were dorsiflexed 10°; knees were flexed 80°; arms were at the sides with the
elbows flexed 90°. Subjects were told that they would initially be performing sit-to-stand trials
and that, “later on,” a slip would take place. No practice was given and the trial, timing, and
mechanisms of the slip were not provided. When cued, subjects were to stand up “as quickly
as possible,” without using their arms, then remain standing still. After four normal sit-to-stand
trials, a slip was induced without warning.

A computer controlled the timing of the slip, simultaneously releasing both platforms when
the stool supported less than 10% body weight and the forward velocity of the body center of
mass (COM) exceeded 20 cm/s. The slip was thereby initiated 16 ± 11 ms after seat-off. Release
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data were computed in real time from three force plates (AMTI, Newton, MA) located beneath
the stool and each platform.

The kinematics of 26 markers attached to the bilateral upper and lower extremities, torso, and
platforms were recorded by a motion capture system at 60 Hz (Peak Performance, Centennial,
CO). Force plate and safety harness data were collected at 600 Hz.

Data Analysis
Positions of joint centers, heels, and toes in 3-dimensional space were computed from the
filtered marker paths using transformations derived from anthropometric measurements. The
position of the body COM was computed using sex- and age-dependent inertial parameters
(de Leva, 1996; Pavol et al., 2002a) in a 13-segment kinematic model that included separate
pelvis, torso, and head segments.

Slip outcomes were classified as falls if the midpoint of the hips descended within 5% body
height of its initial seated height (Pavol et al., 2002b). Recoveries occurred if the average force
on the safety harness did not exceed 4.5% body weight over any one-second period. The
remaining outcomes were considered harness-affected. The “time of fall” was defined as the
earlier of (a) when the average safety harness force first exceeded 4.5% body weight over the
preceding one-second period or (b) 66 ms before the end of the first descent of the hip midpoint
below the fall criterion.

Movement stability, vertical hip motion, and relative timing were determined at or between
six events of interest of each slip. Slip onset was 16 ms before the displacement of either
platform from its initial position exceeded three SD of the measurement noise. Mid-slip
occurred when the forward displacement of the more posterior platform reached 12 cm. The
start of hip descent corresponded to the first downward motion of the midpoint of the hips.
Step initiation corresponded to the start of a simultaneous decrease in vertical force beneath
the stepping foot and increase in vertical force beneath the support foot that continued until
step lift-off. Step lift-off and touchdown were determined from the absence or presence of
vertical force on the underlying force plates.

Movement stability was computed from the COM’s state (i.e. instantaneous position and
velocity). The COM anterior position and forward velocity were found relative to the heel and
support surface, respectively, of the posterior foot in ground contact. They were normalized
by foot length and , respectively, where g is the acceleration due to gravity and bh is
body height (McMahon, 1984). A mathematical model has previously established threshold
boundaries, within the COM state space, for backward balance loss while standing on a nonslip
or a frictionless surface (Pai and Iqbal, 1999). Outside of a given boundary, balance recovery
is theoretically impossible under the corresponding surface conditions without a change in base
of support. Stability was quantified as the shortest inwardly-directed distance from the
applicable boundary to the instantaneous COM state (Pai et al., 2003). From slip onset until
step touchdown, the stability boundary for backward balance loss on a frictionless surface
applied. At step touchdown, the boundary for a nonslip surface was used for the 87% of slips
in which touchdown was on a stationary surface; otherwise, the boundary for a frictionless
surface was used.

Vertical hip motion and limb support were quantified by the height of the hip midpoint relative
to the support surface, its upward velocity, and the changes in these variables. Hip variables
were normalized by body height.

Pavol and Pai Page 3

J Biomech. Author manuscript; available in PMC 2010 February 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Where protective stepping occurred, the length of the initial step was computed as the posterior-
directed position of the stepping ankle relative to the support ankle at step touchdown. Steps
where lift-off occurred after the time of fall were excluded.

Statistics
Fisher’s exact test identified age-differences in the distribution of falls and recoveries, in the
distribution of falls with and without stepping, and in the distribution of recoveries with one
and multiple backward steps. Four young adults were excluded from analysis because their
data were lost or their slip did not occur as intended due to equipment malfunction.

Five recoveries and two falls were atypical and were not analyzed further. Of these, two young
adults recovered by sliding one platform backward, whereas the step initiation time and/or slip
duration during recoveries by one older and two young adults were four or more SD above
average. The atypical fallers, one young and one older, completed three protective steps and
“fell” more than 0.93 s after slip onset (0.65 ± 0.10 s for all other fallers). Also excluded from
further analysis, due to their low incidence, were no-step falls by young adults.

Univariate logistic regressions determined the influence, across all subjects, of each kinematic
variable on the odds of falling (versus recovery). Two-factor analyses of variance (ANOVA)
identified kinematic differences between slip outcomes (Recover, Fall) and age groups (Young,
Older) among those who stepped in response to slipping. Simple effects were analyzed upon
a significant interaction between factors. ANOVA were also performed to identify kinematic
differences between older adults who recovered, those who fell after a protective step, and
those who fell without stepping. The Dunnett test was used for post hoc comparison of no-step
fallers to the other groups.

A forward, stepwise logistic regression analysis determined the influence of stability at step
touchdown, hip height at step touchdown, and age group on the likelihood of falling. The
likelihood ratio test with a cutoff probability of .05 was used for variable entry and a threshold
probability of .5 was used for classification.

A significance level of .05 was used throughout. Analyses were performed using SPSS 12.0
(Chicago, IL).

Results
A greater proportion of older than young adults fell upon the novel and unexpected slip (p < .
001; Table 1). Excluding harness-affected outcomes, 76% of older adults fell versus 30% of
the young. While all but one recovery included a protective step, 30% of fallers did not step,
regardless of age group (p = .52).

Slipping produced instability that necessitated a backward step for successful recovery; those
who did not step fell (Figure 1; Table 2). While all individuals were classified as stable at slip
onset, 98.5% were unstable by mid-slip. Overall, stability at or before mid-slip and step
initiation was unrelated to slip outcome. Although young fallers were less stable than all others
at slip onset, this difference disappeared by mid-slip.

Among those who stepped, falls were in part related to lesser stability at step touchdown (Table
2). Fallers, regardless of age, took a shorter backward step and placed their stepping foot less
posterior to their COM than those who recovered (Tables 2 and 3). Older adults, regardless of
outcome, placed their stepping foot less posterior to their COM than did the young, resulting
in lesser stability at step touchdown. Consistent with this difference, older adults were more
likely to employ a second backward step for successful recovery (p = .006; Table 1).
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In both young and older adults, falls were most strongly related to deficient limb support (Figure
2; Table 4). To start, falls were related to lower hip heights and slower upward hip velocities
at slip onset. These characteristics were exhibited by older adults regardless of outcome. After
slip onset, everyone experienced hip descent. Falls were related to lower hip heights at the start
of descent. In particular, the hips of older fallers started to descend from a lower height than
in all others. Regardless of age, fallers then exhibited greater hip descent between step initiation
and touchdown and greater corresponding increases in the speed of descent. Because older
adults initiated stepping while their hips were still ascending (Table 3), they exhibited less hip
descent over this period than did the young. The net result was that hip height at step touchdown
did not differ between age groups for either outcome. Hip height at step touchdown was the
strongest predictor of slip outcome; a decrease of one SD (3.6% body height) increased the
odds of falling by a factor of 102.

Lesser stability at step touchdown also increased the likelihood of falling due to a lower hip
height at touchdown. A logistic model with these two variables correctly classified 97.1% of
slip outcomes after a protective step (Figure 3). Age group did not enter into the model. Fallers
were classified with both a sensitivity and a specificity of 97%.

Finally, older fallers who did not step differed from those who did only in their lack of a stepping
response (Tables 2 and 4). No measure of stability or hip height from slip onset through mid-
slip and the start of descent differed between older fallers who did and did not step.

Discussion
While it has been reported that older adults are more likely than young to fall upon a loss of
balance (Pavol et al., 2002b), the factors responsible for this difference are not well understood.
This study therefore focused on the roles of movement stability and limb support in falls by
young and older adults following a novel and unexpected slip during a sit-to-stand task.

In both young and older adults, recovery from a backward loss of balance depended on
executing a stepping response that provided adequate stability and hip height at step
touchdown. Slipping induced instability, and individuals who did not respond by stepping fell.
Among those who stepped, fallers took a shorter step that placed the foot less posterior to the
COM, resulting in lesser stability at step touchdown. Simultaneously, fallers exhibited greater
collapse of the support limb due to deficient limb support while stepping. This was evidenced
by greater and faster hip descent that resulted in a lower hip height at step touchdown.

Jointly, stability and hip height at step touchdown were highly predictive of falling, explaining
97% of slip outcomes. The logistic model indicated that the lesser the stability at step
touchdown, the greater the hip height needed to avoid falling (Figure 3). In actuality, however,
stability and hip height at step touchdown were directly related (r = 0.49; p < .001), with hip
height being the primary determinant of slip outcome. A decrease in hip height increased the
odds of falling over 20 times more than an equivalent decrease in stability. Avoiding a fall was
thus vitally dependent on providing sufficient limb support to limit hip descent, thereby
facilitating an effective step to reestablish stability. This supports previous assertions that the
support limb plays a critical role in reactive stepping (Pai, 1999;Pavol et al., 2001;Pavol et al.,
2004a;Pijnappels et al., 2004). Stability at step touchdown was less critical. In fact, five of
eight older adults who recovered were unstable at step touchdown. But because these
individuals limited their hip descent, their instability could be resolved by stepping again; all
five took a second step backward. Such multiple stepping by older adults during balance
recovery, more frequently than among the young, has often been observed (Luchies et al.,
1994;McIlroy and Maki, 1996).
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Older adults were 2.5 times more likely than young to fall upon the novel and unexpected slip,
and this age-difference appeared to result from three factors. First, older and young adults
differed in their execution of the sit-to-stand task, such that the hips of older adults were lower
and rising more slowly at slip onset. Second, older adults were less likely than young to respond
to the slip with the forceful knee and/or hip extensor moments needed, first to achieve adequate
hip height and then to limit the collapse of the support limb during stepping (Pai et al., in
press). As a result of these first two factors, the 76% of older adults who fell achieved lesser
hip height than the young before starting to descend, and those who stepped experienced
substantial support limb collapse upon withdrawal of the stepping limb. These led to low hip
heights at step touchdown. Third and finally, older adults placed their stepping foot less
posterior to their COM, resulting in lesser stability at step touchdown (or they failed to step
entirely). Together, the low hip height and instability made it impossible to recover without
stepping again and impossible to take such a step.

Notably, 28% of older adults failed to step, versus only 6% of young adults. Older fallers who
did not step differed from those who did only in their absence of a stepping response. Thus,
had they stepped, the no-step fallers likely still would have fallen due to their low hip height
at the start of descent. In the case of a certain backward fall, a “squat response” with eccentric
contraction of the hip and knee extensors is an effective strategy for reducing the body’s energy
at landing impact (Robinovitch et al., 2004; Sandler and Robinovitch, 2001), and this is what
the no-step fallers did. Arguably, the no-step fallers’ deficient limb support led them to suppress
stepping, under the prediction that it would fail, and attempt to land safely instead.

The factors that placed older adults at greater risk of falling could arguably reflect differences
in muscle strength, neuromuscular control, or both. Slower ascent during a sit-to-stand is
characteristic of older adults (Pai et al., 1994) and has been associated with decreased strength
(Corrigan and Bohannon, 2001; Schot et al., 2003). However, the deficient limb support after
slip onset in the fallers was likely not due to a lack of strength. Firstly, hip ascent at slip onset
did not differ between older adults who recovered and who fell, implying that these groups
were similar in strength and that differences in neuromuscular control after slip onset played
a key role in determining slip outcome. Secondly, the incidence of falls among these subjects
decreased by a factor of three with each repeated exposure to the slipping perturbation (Pavol
et al., 2002b), even though their strength almost certainly remained the same.

Rather than reflecting a lack of strength, the deficient limb support of the fallers after slip onset
is likely attributable to their reactive responses. Slipping may lead to initially weakened limb
support, as the slip-induced knee extension may induce short-latency stretch reflex responses
by the knee flexors. Recovery therefore most likely relies on medium- and long-latency
triggered responses. A spectrum of these exists within and across limbs and their selection is
influenced by the “postural set” inherent to supraspinal control (Horak et al., 1989). The
deficient limb support of the fallers may reflect a “postural set” that was biased, from lack of
experience and/or readiness, towards an ineffective reactive response. More specifically, since
simultaneous knee and hip extension are destabilizing during a backward loss of balance, the
responses of the fallers may have been to limit their knee and hip extension moments in a failed
initial attempt to maintain stability. If true, this would argue that when the objectives of resisting
balance loss and providing limb support conflict, the latter is of priority in avoiding a fall.

The present findings correspond to novel and unexpected slips by healthy older adults during
a sit-to-stand; the extent to which they apply to other perturbations, populations, or tasks is
unknown. Experience and expectation have been shown to alter the reactive responses to a
perturbation in a manner that would reduce the likelihood of falling (Horak et al., 1989; Pavol
et al., 2004b). Thus, older adults may be less likely to respond poorly to a perturbation that is
familiar. If true, training older adults’ reactive responses through exposure to a variety of
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perturbations might be a means of reducing fall incidence. However, there likely exist other
aging-related differences that increase the likelihood that older adults will fall following a
perturbation. For example, severe impairments in strength or balance may alter the mechanisms
of falling among frailer older adults or those with certain medical conditions (e.g. Parkinson’s
disease). The relative importance of the factors found to affect falling may also vary between
tasks, particularly if hip height at perturbation onset varies.

In summary, the present results provide important insight into the greater incidence of falls
among older adults. Falls by both young and older adults were most strongly associated with
deficient limb support. This was primarily in the form of a deficient, ineffective reactive
response that did not adequately maintain hip height after slip onset, thereby impeding the
restoration of stability by protective stepping. Older adults were far more likely than young to
exhibit such a response. In addition, older adults exhibited deficient limb support even before
slip onset, with their slower ascent during the sit-to-stand task. The results thus suggest that
deficient limb support, both in normal movement patterns and in the reactive response to a
novel and unexpected perturbation, is a major contributor to the high incidence of falls in older
adults. Improving proactive and reactive limb support should therefore be a focus of fall
prevention efforts.
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Figure 1.
State-space diagram of the anteroposterior motion of the body center of mass (COM) relative
to the base of support for representative (a) young and (b) older adults who recovered, (c) young
and (d) older fallers who stepped, and (e) an older no-step faller. COM anterior position and
forward velocity are expressed relative to the heel position and support surface velocity,
respectively, of the posterior foot in ground contact. Positions and velocities are normalized
to foot length and , respectively (g = acceleration due to gravity; bh = body height). The
COM state trajectory is shown as a solid black line, with dotted lines indicating instantaneous
changes in COM state at ground contact of the stepping foot. Also shown are the model-
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predicted threshold boundaries for backward balance loss while standing on a nonslip surface
(dashed gray line) or on a frictionless surface (solid gray line; Pai and Iqbal, 1999). The shaded
stability region inside each boundary comprises those COM states for which anteroposterior
movement may be terminated under the indicated conditions without a backward step. Stability
was quantified as the shortest inwardly-directed distance from the applicable boundary to the
instantaneous COM state. Symbols correspond to the COM state at selected events: the start
of motion (square), slip onset (open circle), first step initiation (filled circle), step lift-off
(upward triangle), and step touchdown (downward triangle). The stepping sequence is
numbered in (b). Trajectories for the fallers end at their time of “fall.”
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Figure 2.
Hip height (ZHIP) kinematics for representative (a) young and (b) older adults who recovered,
(c) young and (d) older fallers who stepped, and (e) an older no-step faller. Subjects are the
same as in Figure 1. Dashed vertical lines indicate the onset and end of the slip. A dotted vertical
line indicates the time of first step initiation. Step lift-offs and touchdowns are indicated by
upward and downward triangles, respectively. Trajectories for the fallers end at their time of
“fall.” bh = body height.
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Figure 3.
Relationship between anteroposterior stability at touchdown of the first protective step, the
corresponding height of the hip midpoint (ZHIP, in %bh; bh = body height) at step touchdown,
and the outcome of the induced slip in young and older adults. Individuals within the shaded
region would be classified as likely to fall by the derived logistic regression model: p(fall) =
1/[1 + exp(−69.18 + 18.36 Stability + 1.454 ZHIP)] (p < .05 for all model coefficients). The
logistic model correctly classified 97% of slip outcomes.
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Table 1

Outcomes of the slips induced in young and older adults.

Slip
Outcome

Backward
Steps

Young
(n = 56)

Older
(n = 41)

Recover 0 1 0

1 22 1

≥ 2 12 a 8

Total 35 9

Fall 0 3 11 b

1 9 14

≥ 2 3 4

Total 15 29

Harness-
affected

Total 6 3

Occurrences are shown according to age group and the number of backward steps completed (i.e. stepping ankle posterior to the contralateral ankle
at step touchdown) either during the recovery or prior to the time of the fall.

a
Includes 2 subjects whose first step was not backward.

b
Includes 1 subject who completed a forward step.
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