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Sensorimotor and neuropsychological correlates of force perturbations that induce stepping in 

older adults 

 

Abstract  

 

Inappropriate stepping in response to unexpected balance perturbations is more prevalent in older people, 

and in those at risk of falling. This study examined responses to force-controlled waist pulls and sought to 

identify physiological and cognitive explanatory variables for the force threshold for stepping. 242 older 

(79.74.2 years) and 15 young (29.55.3 years) adults underwent waist pull perturbations and 

assessments of physiological and neuropsychological functioning, general health and falls efficacy. 

Perturbation force that induced stepping, stepping strategy and number of steps were measured. The older 

group withstood less forceful perturbations with a feet-in-place strategy, compared to young. Likewise, 

older adults with high falls risk withstood less force than those with low risk. After controlling for body 

weight and gender, sway and lower limb strength were independent predictors of anterior stepping 

thresholds, reaction time was an independent predictor of posterior thresholds, and executive functioning 

and lower limb strength were independent predictors of the lateral thresholds. These results suggest that 

balance, strength and agility training, in addition to cognitive exercises may enhance the ability to withstand 

unexpected balance perturbations and reduce the risk of falls in older people. 
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Introduction 

The ability to move the base of support (BOS) by stepping in response to large balance perturbations is 

crucial to control balance and prevent falling. Appropriate stepping should be based on a sensory 

assessment of the state of the body and a ‘decision’ made with consideration of the individual’s 

neuromuscular capacity. Numerous studies have found that inappropriate step responses are significantly 

more prevalent in older people, and in those at risk of falling[1,2].  

 

Previous studies have identified biomechanical parameters leading to protective stepping, including time and 

distance boundaries, and factors associated with successful balance recovery such as joint torques and step 

timing. However, little is known of the physiological or psychological contributors to the stepping response. 

For example, a study employing displacement-controlled waist-pull perturbations to examine triggers of 

protective stepping[3], found that the stepping threshold was best described by the displacement of the 

centre of pressure of the body relative to the BOS (i.e. the physical properties of the body). While older 

subjects showed lower stepping thresholds than young, these thresholds did not correspond with 

participant’s performance in tests of sensorimotor function. This may be due to the non-compliant 

perturbation delivered to achieve a specified velocity or displacement, i.e. a displacement-controlled 

perturbation will displace the body to the target endpoint irrespective of any effort made to resist it. In most 

real life situations, the level of force of the perturbation, as well as an individual’s ability to produce an 

opposing force, should also influence the trigger to step.  

 

Good vision, sensation, muscular strength and speed may facilitate stability in response to unexpected 

balance perturbations via accurate perception of perturbation direction and magnitude, and fast and 

coordinated motor responses to maximise recovery. Rogers and colleagues[4] have shown that older adults 

often step before they need to, so it is likely that cognitive factors also influence the stepping response. 

Increased levels of fear and poor executive function might also lead to earlier steps that truncate the 

necessary information regarding perturbation characteristics and result in premature and therefore 

inappropriate stepping responses. 

 

This study aimed to identify whether stepping thresholds to force-controlled waist pulls, and stepping 

strategies in response to the threshold pull, differed between young and older people, and between older 

people at low and high risk of falls. This force-controlled perturbation differs from previous studies as it 
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enables an individual to mount an opposing force that can control the position of the body relative to the 

BOS. Additional aims were to examine whether larger stepping force thresholds were associated with better 

performances in tests of balance, muscle strength, reaction time, vision, sensation, executive functioning and 

falls efficacy. 

 

Methods 

Participants 

Two hundred and forty-two community-dwelling older participants (132 men, 110 women, mean age 79.7 

years, SD=4.2) were recruited from a larger longitudinal study of cognitive function and ageing (Sydney 

Memory & Ageing study)[5]. Fifteen young adults (8 men, 7 women with mean age 29.5 years, SD=5.3) were 

recruited as a comparison group for anterior and lateral perturbations from institute staff and students. 

Exclusion criteria were: insufficient English language skills; neurological, musculoskeletal or cardiovascular 

impairment affecting the assessments, and a Mini-Mental State Examination score of <24[6]. The study was 

approved by the University Human Research Ethics Committee and participants provided informed consent 

prior to participation. 

 

Protocol 

Participants underwent assessments of waist-pull balance perturbations and physiological performance. On 

a separate visit, older participants completed neuropsychological assessments. Older participants also 

completed a questionnaire regarding demographics, general health (12-item World Health Organization 

Disability Assessment Schedule - WHODAS II[7]), medication use, concern about falling and falls in the 12 

months preceding the assessment. 

 

Waist-pull balance perturbations 

Participants wore comfortable footwear and stood relaxed with a hip-width stance, connected to a motor via 

cables extending from a belt fixed firmly around their pelvis, at the level of the anterior and posterior illiac 

spine (Figure 1). After a random interval, the motor applied a controlled force (verified with a force transducer 

connected in series with the cables) for 0.5 s in different directions (anterior, posterior, left, right). The profile 

of the perturbation force was 300 ms ramp up to target force, 200 ms hold and 100 ms ramp down. Subjects 

were told to try to maintain their balance and only step if necessary to prevent falling. Perturbation directions 

were block randomised by anterior/posterior and left/right (lateral) directions. An estimated perturbation 

threshold (E) was calculated with an equation derived from a pilot study of 30 people (aged 19-81 years), 
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which predicted stepping threshold from the participant’s body weight (BW). For antero-posterior 

perturbations, E=(0.422*BW)+35.0. For lateral perturbations, E(N)=(0.1448*BW)-23.1. Perturbation forces 

were randomly presented at E-10N, E-5N, E, E+5N, E+10N. If a step was not induced during this first block, 

a block including increased forces (+15N, +20N) was presented randomly. This method was repeated until a 

step was induced. To ensure safety, participants wore a harness that did not restrict stepping movements. 

The lowest perturbation force at which a participant took a step was recorded as the force threshold for 

stepping and determined for anterior, posterior and lateral pulls. Since our pilot work found no significant 

difference between left and rightward pulls, lateral thresholds were defined as the lowest force to induce a 

step, regardless of side. The number of steps taken at the threshold pull for each direction was recorded, as 

well as the strategy used in response to lateral pulls: either cross- or side-step[8]. Posterior data were 

unavailable for the young group due to equipment problems. 

 

Physiological performance 

Physiological performance was assessed according to the short-form Physiological Profile Assessment 

(PPA), involving five measures of sensorimotor function, with validity and reliability established in 

previously[9]. 1) Vision was assessed using the Melbourne Edge Test of contrast sensitivity. 2) 

Proprioception was measured using a seated lower limb-matching task. With eyes closed, participants align 

their great toe either side of a vertical protractor (60x60x1cm). The average alignment error (degrees) from 5 

trials was recorded. 3) Lower limb muscular strength was measured as the maximal (from two trials) 

isometric knee extension force (kg) with participants seated, knee flexed to 90deg and a custom-built strain 

gauge attached to the lower leg. 4) Reaction time involved a random-delay light stimulus and finger-press 

response. The average of 10 trials was recorded. 5) Postural sway was measured using a swaymeter that 

recorded displacements of the body at the level of the waist. Participants stood on a foam rubber mat 

(40x40x7.5cm) with eyes open. The number of millimetre squares traversed by the pen attached to the 

swaymeter in 30 s was recorded. In previous studies, weighted contributions from these five variables 

provide a falls risk score that can predict future multiple fallers with 75% accuracy in community-living 

populations[10,11]. In this study, participants were categorized as having low (PPA</=0.6) or high falls risk 

(PPA>0.6), based on a cut-point derived from a large prospective cohort study[12].  

 

Psychological Assessments 

Cognitive processing performance (executive function and processing speed) was recorded as time taken to 

complete the Trail Making Test Part B[13]. Participants draw lines connecting a number of circles alternating 
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between letters and numbers (1-A-2-B). Concern about falling was evaluated using the Falls Efficacy Scale 

International (FES-I)[14]. 

 

Statistical analysis 

Statistical analyses were performed using SPSS PASW Statistics 18, with significance set at p<0.05. For 

variables with skewed distributions, data were log-normalised. Analyses of covariance (ANCOVA) were used 

to compare stepping thresholds between young and older adults, while controlling for body weight and 

height. In the older adult sample, 2x2 ANCOVAs were used to assess main effects of gender and falls risk 

group on the force thresholds for stepping, MMSE, PPA, FES-I and WHODAS measures, controlling for age, 

body weight and height. Between-group (gender and falls risk) differences in single and multiple step 

responses to the threshold pull were examined using Chi-square tests. Multivariate linear regression 

analyses (stepwise method after controlling for height, body weight and gender) were performed to identify 

independent and significant explanatory variables for force thresholds for stepping. Standardized (z) scores 

for lower limb strength, postural sway, proprioception, vision, speed, executive functioning and FES-I were 

entered into the model.  

 

Results 

Demographic and health characteristics, falls history, PPA and FES-I scores for the older adult group are 

presented in Table 1. The older participants averaged low to moderate risk of falls as indicated by PPA 

scores and reported a moderate concern about falling as indicated by FES-I. Of the 242 older adults, 132 

(55%) were classified as being at higher risk of falls (PPA score>0.6), of whom were older (F1,241=35.434, 

p<0.001), had lower body weight (F1,241=20.813, p<0.001) and a greater proportion were female 

(
2
1,242=4.302, p=0.038). 

 

Force thresholds for stepping 

Thresholds for stepping in the anterior, posterior and lateral directions are presented in Table 2. Significantly 

lower force thresholds for stepping were found in the older adults compared to young while controlling for 

body weight and height (anterior F(1,254)=22.1, p<0.001; lateral F(1,248)=20.4, p<0.001). 

 

In the older population, the high falls risk group had significantly lower thresholds for stepping than the low 

falls risk group in anterior (F1,240=14.087, p<0.001), posterior (F1,237=13.277, p<0.001) and lateral 

(F1,233=8.478, p=0.004) directions (Table 2). Females stepped with less forceful perturbation than males in 
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anterior (F1,240=12.111, p=0.001), posterior (F1,237=33.948, p<0.001) and lateral directions (F1,233=37.000, 

p<0.001), with no significant gender by falls risk group interaction for anterior and lateral directions 

(p>0.073). In the posterior direction, there was a significant gender by falls risk group interaction 

(F1,237=4.175, p=0.042) with all comparisons being significantly different in Bonferroni post-hoc tests 

(p<0.001).  

 

Stepping strategy 

In response to the lateral pull, the cross-step strategy was used in 68% of older adults and 61% of young 

adults (
2
1,221=0.355, p=0.551). In response to their threshold anterior pull, 77% of older adults took one step, 

19% took two steps and 4% took three or more steps (23% took multiple steps). In the posterior direction, 

62% of older adults took one step, 33% took two steps and 5% took three or more steps (38% took multiple 

steps). In the lateral direction, 42% of older adults took one step, 42% took two steps and 15% took three or 

more steps (57% took multiple steps). 

 

There were no significant differences in the proportions of participants who took multiple steps between the 

low and high falls risk groups for anterior (
2
1,241=0.265,p=0.607), posterior (

2
1,241=0.318,p=0.573) and 

lateral directions (
2
1,241=1.076,p=0.300). 

 

Sensorimotor and neuropsychological correlates 

Results of the stepwise multivariate models predicting anterior, posterior and lateral force thresholds to 

stepping are presented in Table 3. After increased body weight and male gender, reduced sway and 

increased lower limb strength were independent predictors of larger anterior stepping thresholds. Faster 

reaction time was an independent predictor of larger posterior stepping thresholds. Improved executive 

function and increased lower limb strength were independent predictors of the larger lateral stepping 

thresholds. These models explained 39-54% of the variance in the stepping thresholds. 

 

Discussion 

This study examined responses to force-controlled waist pulls and sought to identify physiological and 

cognitive explanatory variables for the force threshold for stepping. The novel force perturbation method 

provided participants with an opportunity to utilize their sensorimotor and cognitive capabilities to mount an 

opposing force during the perturbation and maintain balance. Results showed that community-living older 
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adults can generate an opposing force of 6-10% of their body weight to withstand unexpected waist-pull 

perturbations, with larger forces inducing a step.  

 

Older adults had lower force thresholds for stepping than young, after controlling for height and weight. Age-

related sarcopenia, reduced sensory acuity, slowed central processing and motor reaction times may 

contribute to older adult’s reduced ability to withstand perturbation forces. In response to balance 

perturbations, older adults have been shown to have slower muscle onset latencies[15,16], reduced early 

muscle activity[17,18] and slower step times[19], compared to younger adults. In addition, reduced 

absorption of perturbation energy by muscle[20] and increased stiffness in older adults may contribute to 

reduced stepping thresholds, by transferring more of the perturbation energy to moving the COM[21,22,17], 

an interesting area for further study.  

 

As expected, body weight was closely related to the threshold for stepping, providing the largest amount of 

explanatory information in the regression analyses. Without an active response, lighter participants with less 

inertial resistance would experience greater accelerations (or larger displacements). Indeed, the initial range 

of perturbation forces were delivered around an estimated threshold, based on body mass, and few 

participants required a second series of forces to induce a step. In addition to body weight, this study found 

specific sensorimotor and neuropsychological variables to provide explanatory detail in predicting stepping 

thresholds. While these variables contributed independent information, their contributions were relatively 

small. Other factors that may have added additional information to stepping thresholds might include pain, 

attention and motivation.   

 

After body weight and gender, balance and muscle strength contributed independent information to the 

anterior threshold for stepping. Balance involves the integration of sensory information to establish a 

necessary motor response for maintaining postural equilibrium, such that those with better balance 

performance are probably better able to respond to an unanticipated perturbation. Regarding muscle 

strength and presuming an inverted pendulum-like behaviour, the ankle plantar flexors are likely to be the 

main contributor to the reactive response, being the main muscle group to facilitate shear force development 

to withstand an anterior perturbation. Shear forces might also be generated by more proximal intersegmental 

moments. It is likely that many older adults are capable of producing large enough forces in response to 

anterior perturbations, but not in the time available before a step is mechanically required, or perceived to be 

required. This idea agrees with previous studies, notably Mackey and Robinovitch[23] who found strength 
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and speed deficits were associated with a poorer ability to recover balance from a leaning position. Another 

study found lower limb strength and volitional step reaction time was associated with the recovery from a trip 

[24]. Successful trip recovery has previously been attributed to faster development of mechanical 

responses[25,26,27] and together with the current findings, suggest that in addition to balance training, 

interventions to increase strength as well as the speed at which force is produced may improve resistance to 

anterior perturbations.  

 

Reaction time provided independent information, after body weight and gender, in predicting the posterior 

stepping threshold. A fast response to a posterior perturbation is necessary to maintain balance with feet-in-

place, before the COM travels the relatively short distance to the posterior border of the BOS at the heel, 

where a step is necessary to prevent falling. Although the perturbation response would involve different 

pathways than the non-postural simple reaction time task, these results suggest that older adults with faster 

simple reaction time are more likely to maintain feet-in-place for a given level of perturbation force in the 

posterior direction.  

 

Muscle strength and executive functioning were independent predictors of lateral stepping thresholds. The 

relationship between stepping thresholds and muscular strength is probably associated with the ability to 

control the COM position following the perturbation. The significant relationship between cognitive 

performance and lateral stepping likely reflects the need to plan an appropriate response, as higher level 

processing is required for stepping strategy selection. Lateral perturbations load the limb that ‘ideally’ would 

step to increase or move the BOS. In responding to a lateral perturbation, the brain must assess the level 

and rate of loading, as well as the available strength and reaction speed. If balance cannot be maintained 

with feet-in-place, an appropriate strategy must be selected – that is, whether a postural adjustment can be 

made to unload the limb allowing for a step sideways, if not, move the opposite (unloaded) limb either in a 

small sidestep or crossover step. Cross-stepping with the unloaded limb often necessitates multiple 

subsequent steps to regain balance and increases the risk of limb collisions[8]. Sidestepping with the loaded 

limb is, therefore, the safer option, but requires a faster and more powerful response. The cognitive 

processes involved are reflected by the significant and independent association between executive 

functioning and lateral stepping thresholds. Previous studies have shown deteriorating balance performance 

with concurrent tasks that challenge executive functioning, particularly in older adults[28,29]. By asking 

young and older adults to do an additional task, while small postural perturbations were delivered, Maki and 
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colleagues[30] found an age-related delay in generating a response, which they suggested was contributed 

to by the deterioration in cognitive ability (switching attention) in older people.  

 

A multiple step strategy is necessary when the first step is inadequate to arrest body momentum and restore 

balance[31]. Our proportion of older adults who required multiple steps was similar to previous studies[32,8], 

which have shown that the first step must be adequate in speed, length and power to maintain the COM 

within stable limits. Mille and colleagues[8] found a 6-fold increase in future falls in people who took multiple 

steps in all perturbation trials. We did not find any differences in multiple steps between the high and low falls 

risk groups, suggesting that physiological falls risk was not associated with the number of steps required to 

regain balance at the threshold force. This might be due to frailer participants choosing to step with a smaller 

magnitude of perturbation force.  

 

Females stepped with smaller perturbation force than males, with gender being a significant predictor of 

anterior and lateral stepping thresholds, independent of body height, weight and muscular strength. This 

suggests that something other than gender-related height, weight and strength differences contributed to the 

increased perturbation force thresholds in males. It is possible that gender-differences in height-normalised 

COM position might contribute to force thresholds. Not measuring COM position was a limitation of the study.  

 

Approximately 55% of the older adults in this study were categorised into a high falls risk group based on a 

PPA cutpoint of 0.6 established in previous research[12]. This high risk group withstood less force with feet-

in-place, in response to unexpected anterior, posterior and lateral balance perturbations – factors that might 

partially account for their increased risk of falling. Future work, involving a prospective study of falls will 

identify whether force thresholds for stepping in response to unexpected balance perturbations can 

accurately predict fallers and provide an opportunity for intervention to prevent falls in older people.  
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Table 1: Demographic, health and falls characteristics of the older adult group 

 Total 

n=242 

Male 

n=132 

Female 

n=110 

Low Falls Risk 

n=110 

High Falls Risk 

n=132 

Mean (SD)      

Age (years) 79.7 (4.2) 80.1 (4.2) 79.3 (4.1) 78.3 (3.9) 81.4 (4.3)^ 

Height (m) 1.64 (0.09) 1.70 (0.07) 1.58 (0.07)* 1.66 (0.09) 1.63 (0.09)^ 

Weight (kg) 71.7 (13.4) 77.1 (11.4) 65.3 (12.7)* 75.4 (13.7) 68.0 (11.6)^ 

MMSE score 
a
 28.4 (1.6) 28.3 (1.7) 28.6 (1.5) 28.9 (1.2) 28.1 (1.8) 

PPA Falls risk score 
b
 0.77 (0.93) 0.70 (0.95) 0.85 (0.90) 0.00 (0.49) 1.41 (0.68)^ 

Melbourne Edge Test 21.4 (1.7) 21.3 (1.7) 21.5 (1.7) 22.0 (1.4) 20.9 (1.7)^ 

Proprioception (deg) 2.48 (1.63) 2.46 (1.766) 2.49 (1.60) 1.95 (1.11) 2.92 (1.85)^ 

Muscle strength (kg) 30.4 (11.5) 36.0 (11.0) 23.6 (7.8)* 34.2 (11.3) 27.2 (10.6)^ 

Reaction time (ms) 230 (37) 226 (36) 235 (39) 210 (23) 247 (39)^ 

Postural sway (mm) 196 (96) 193 (101) 199 (90) 137 (42) 246 (100)^ 

FES-I score 
c
 21.74 (5.3) 20.9 (5.0) 22.8 (5.5)* 21.2 (5.2) 22.2 (5.4) 

WHODAS
 d
 18.4 (6.2) 18.3 (7.1) 18.4 (5.1) 17.4 (5.7) 19.2 (6.6) 

      

Number (%)      

Reported fear of falling 80 (33.1) 36 (27.3) 44 (40.0) 27 (24.5) 53 (40.2) 

Previous faller 80 (33.1) 43 (32.6) 37 (28.0) 35 (31.8) 45 (34.1) 

> 4 medications 137 (56.6) 76 (57.6) 61 (55.5) 58 (52.7) 79 (59.8) 

 

a - Mini Mental State Examination score [6], score range 0-30. 

b – Physiological Profile Assessment score (scores < 1 indicate a low or mild risk of suffering falls in the year 

following assessment) [9]. 

c – Falls Efficacy Scale – International [14], score range 16 (low concern) - 64 (high concern). 

d - 12-item World Health Organization Disability Assessment Schedule - WHODAS II [7], score range 12-60. 

* significantly different to Males (p<0.05) 

^ significantly different to Low Falls Risk (p<0.05) 
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Table 2. Stepping thresholds (N) for the young and old, and old subgroups of males, females, low and high 

falls risk groups. Data presented as Mean (SD).  

 

  

Young 

n=15 

Old 

n=242 

Old Male 

n=132 

Old Female 

n=110 

Low Falls Risk 

n=110 

High Falls Risk 

n=132 

anterior 81.1 (17.6) 50.3 (14.0)
+
 55.0 (13.2) 44.7 (11.4)* 55.8 (13.2) 45.9 (12.0)^ 

posterior - 45.6 (12.2) 51.3 (12.4) 38.8 (10.2)* 50.9 (13.2) 41.4 (11.2)^ 

lateral 94.0 (21.5) 71.7 (21.4)
+
 81.8 (18.9) 59.0 (17.1)* 79.5 (19.4) 65.0 (20.7)^ 

 

+
significantly different to Young while controlling for body weight and height (p<0.05) 

*significantly different to Old Males while controlling for body weight and height (p<0.05) 

^significantly different to Low Falls Risk while controlling for body weight and height (p<0.05) 
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Table 3. Results of stepwise multivariate regression models, predicting anterior, posterior and lateral force 

thresholds for stepping 

 

Threshold Model result Significant predictors  Explained 

variance 

Anterior F5,223=32.562, p<0.001 body weight β=0.383, p<0.001  

  gender β=-0.161, p=0.034  

  sway β=-0.221, p<0.001  

  muscle strength β=0.201, p=0.002 41% 

     

Posterior  F4,221=35.756, p<0.001 body weight β=0.366, p<0.001  

  gender β=-0.243, p=0.001  

  reaction time β=-0.206, p<0.001 39% 

     

Lateral F4,217=51.994, p<0.001 body weight β=0.512, p<0.001  

  gender β=-0.228, p=0.001  

  executive functioning β=-0.126, p=0.010  

  muscle strength β=0.137, p=0.015 54% 
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Figure 1. Waist-pull balance perturbation setup for lateral direction pull trials. Subjects were turned 90deg for 

anterior/posterior pull trials. 

 


