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SUMMARY 
This study showed significant age-related reduction in the 
amount of force that induced stepping in response to 
unexpected waist-pulls. Among older people, injurious fallers 
had significantly lower anterior stepping thresholds. 
Participants whose stepping thresholds were reduced under 
dual-task condition were over 4 times more likely to have an 
injurious fall in the following 12 months than those who were 
unaffected.  Stepping thresholds were related to direction-
specific physiological and neuropsychological factors.   
 
INTRODUCTION 
Stepping is often the last resort against falling when balance is 
threatened. However, the ability to generate appropriate 
stepping responses to unexpected perturbations is impaired in 
older people and more so in those at risk of falls [1-3]. In 
contrast to position-controlled waist pulls used in past studies 
[2-3], force-controlled perturbations enable individuals to 
mount an opposing force and control the position of their 
centre of mass throughout the perturbation. The aims of this 
study were to (i) identify force thresholds that induce stepping 
in young and older people, (ii) determine whether force 
thresholds for stepping under single and dual-task conditions 
are predictive of falls in older people and (iii) identify the 
physiological and neuropsychological factors contributing to 
stepping thresholds in older people. 
 
METHODS 
Participants comprised 16 young adults and 241 community-
dwelling older adults (mean age: 80.0 ± 4.4 years, 46% 
females).  Unexpected pull perturbations of controlled force 
were delivered at the level of the pelvis for 0.5sec with 
varying magnitude and directions. Perturbations were block 
randomized by anterior/posterior and left/right directions. 
Perturbation forces (in N) were randomly presented at an 
estimated threshold based on body weight, -5N, -10N, +5N, 
+10N. Participants were told to try not to step. This method 
was repeated until a step was induced. For each direction, the 
lowest level of force at which a participant took a step to 
maintain balance was recorded as the force threshold for 
stepping.  The older participants also undertook a dual-task 
condition which involved a backwards-by-7 counting task.  
 
In addition, the older participants underwent assessments of 
vision, sensation, simple hand reaction time, lower limb 
strength, balance and executive function including the Trails 
Making Test–B (TMT-B). Prospective falls data were 

collected for 12 months using monthly falls calendars.  
 
Analyses of variance were used to assess differences between 
groups while controlling for body weight. Linear regression 
models were used to examine the relationships between the 
stepping thresholds and physiological and neuropsychological 
factors. For all tests, a significance level was set at p<0.05.  
 
RESULTS AND DISCUSSION 
Significantly lower anterior force thresholds for stepping were 
found in older adults (50.3±14.0N), compared to young adults 
(81.1±17.6N), controlling for body weight (F1,254=85.5, 
p<0.001). Older adults also had significantly lower lateral 
thresholds (71.7±21.4N), compared to young adults 
(94.0±21.5N), controlling for body weight (F1,248=20.4, 
p<0.001), confirming age-related impairments in protective 
stepping responses. 
 
Injurious fallers had significantly lower stepping thresholds to 
lateral pulls than non-injurious fallers, after controlling for 
body weight (p=0.027). In addition, older participants whose 
stepping thresholds were reduced in the dual-task condition 
were over 4 times more likely to have an injurious fall in the 
following 12 months (RR=4.13, 95%CI=1.50-11.41) than 
those whose force thresholds were unaffected by the dual-task.  
 
Body mass, knee extension strength and ankle dorsiflexion 
strength were significant and independent predictors of 
stepping thresholds in the anterior and posterior directions 
(Table 1). Together with these factors, postural sway 
explained 41% of the variance in anterior stepping thresholds 
(F4, 233=42.38, p<0.001), while hand reaction time explained 
37% of the variance in posterior stepping threshold (F3, 
232=35.39, p<0.001). Thus, while balance is important to 
preserve stability when experiencing forward perturbations, 
fast reaction time is required in response to posterior pulls as 
the body centre of mass sits closer to the posterior limit of 
stability. Body mass, knee extension strength and TMT-B test 
performance predicted lateral thresholds, explaining 51% of 
the variance (F3, 215=77.21, p<0.001). These data suggest that 
executive functioning contributes to planning of safe lateral 
stepping strategies possibly to avoid interlimb contacts which 
can cause trips.    

 
CONCLUSIONS 
Stepping thresholds in response to unexpected waist pulls 
were reduced with increased age and were, for the anterior 



direction, predictive of injurious falls. Furthermore, older 
adults whose stepping thresholds were affected in the dual-
task condition were more likely to fall. In addition to body 
mass and lower limb strength, direction-specific physiological 
and cognitive factors seemed to play important role in 
preserving stability during unexpected perturbations.  
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Table 1. Determinant variables identified by the stepwise linear regression analysis for force thresholds that induce a step 
 
Stepping threshold direction Determinant variables Standardized Beta Multiple R 
Anterior  Body weight 

Postural sway on foam mat 
Knee extension strength  
Ankle dorsiflexion strength 

0.329† 

-0.201† 
0.206† 
0.141† 

0.411 
 

Posterior  Body weight 
Ankle dorsiflexion strength 
Hand reaction time 

Knee extension strength 

0.356† 

0.205† 
-0.151† 
0.130* 

0.368 
 

Lateral  Body weight 
Knee extension strength 
Trails Making Test -B 

0.533† 

0.255† 

-0.121* 

0.510 

* Indicates a significant beta weight (P< .05).  
† Indicates a significant beta weight (P< .01). 
 


