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Chapter 1 

General introduction 

 

Postural control is characterized by both sensory-driven peripheral reflexes as well as central 

cognitive processes. The role of higher order cognitive processes becomes apparent in the 

epidemiology of falling. Several studies have shown that factors contributing to falls in the 

elderly are related to central cognitive control such as cognitive impairment and sedative use 

(Tinetti, Speechley, & Ginter, 1988), and performance on concurrent information processing (IP) 

tasks such as “walking while talking” (Verghese et al., 2002) and reaction time (RT) tasks 

(Lajoie & Gallagher, 2004) are potential tests to identify older adults that are at risk of falling. A 

good understanding of the interaction between higher order processes and postural control may 

contribute to a reduction in the occurrence in falls, which is the leading cause of accidental death 

for persons 65 years or older in both the US (National Health Center Statistics, 2003 estimate), 

and the Netherlands (Centraal Bureau voor de Statistiek, 2005 estimate). 

Over the last two decades there has been a growing interest in understanding the interaction 

between IP task performance and postural control. This effect was already seen as early as 1925 

(Fearing), but gained interest after a hallmark study by Kerr, Condon and McDonald (1985). 

Since then a multitude of papers has appeared that are characterized by as many different 

research designs. Typically, an IP task, such as a RT task, memory task, visuospatial task, 

visuomotor task, or an arithmetic task is combined with a postural manipulation, such as quiet 

standing, Romberg stance, standing on foam, standing with different sensory manipulations (e.g. 

eyes closed vs. eyes open, static visual scene vs. moving visual scene), or a platform 

perturbation. These experiments have, furthermore, been employed on a diverse group of 

subjects, with, of particular interest, older adults. 

From the onset it seems clear that there is some form of interaction between IP task 

requirements and postural control requirements. Typically, these dual-task effects have been 

framed in a limited capacity point of view, i.e. the “…information processing capacity of an 

individual.” Woollacott (2002, p. 1). Although not always specifically specified, it is evident that 

‘capacity’ within the postural dual-task literature is understood as capacity as laid out in 
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Kahneman’s theory (1973), i.e. capacity “…is limited for any individual and that performing any 

task requires a given portion of capacity. Thus, if two tasks are performed together and they 

require more than the total capacity, the performance on either or both deteriorates…” 

(Woollacott & Shumway-Cook, 2002, p. 1). 

Already at its inception Kahneman’s theory could not account for certain dual-task findings, 

and by now the capacity concept as proposed by Kahneman is viewed as a rather limited model. 

However, the theory has been amended and variations of the capacity concept, such as limited 

capacity multiple resource theories have gained popularity (Wickens, 1980). Unfortunately, the 

postural dual-task literature is characterized by only a loose discussion of the nature and role of 

limited capacity in postural dual-task literature. More often, interaction effects are attributed to 

‘limited capacity’ or ‘lack of resources’ without any specificity. With a few exceptions, the 

validity of limited capacity defining the postural dual-task interaction has not been examined 

through sound experimental designs. 

In spite of these shortcomings, a closer review of the literature shows that limited capacity 

may not explain the postural dual interaction. For example, Pellecchia (2005) showed that 

practice of a postural task and an IP task separately had different effects on the interaction than 

when both tasks were practiced concurrently. Process interactions other than limited capacity 

could explain for these results. 

Several alternative theories of postural dual-task interference have been proposed. Pellecchia 

(2005) explained the results of her experiment in terms of an action plan theory. Tasks are 

defined by so-called action plans and action plans are formed for different situations. In this case, 

a new-action plan was formed that combined elements of both tasks into one. An alternative 

view of postural control postulates that postural control is driven by the demands of the 

suprapostural task, i.e. postural control is not a goal in itself but the environmental demands 

determine the actions of the postural control system (Stoffregen, Pagulayan, Bardy, & Hettinger, 

2000; Stoffregen, Smart, Bardy, & Pagulayan, 1999). As such, interaction effects are not the 

result of a competition for capacity or the result of a structural interference, but a subservient 

postural control system in response to the IP task requirements. 

In Chapter 2 (“Attentional components of postural control’) the postural dual-task 

literature is reviewed. In this comprehensive review, further evidence is presented that argues 

against limited capacity as an explanation for postural dual-task effects. However, the sole 
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conclusion of rejecting capacity theories as an explanation for postural dual-task effects does not 

adequately reflect findings in the literature. A majority of studies has examined the reciprocal 

effects of IP task requirements and sensory aspects of postural control, i.e. visual, proprioceptive 

and vestibular. To that purpose, IP tasks that target visuospatial processes have been combined 

with specific postural tasks, and the effects of RT tasks on sensory reintegration and the 

vestibular system have been examined. The findings of these studies are also reviewed in this 

chapter. 

In the subsequent chapters an alternative theory for the postural dual-task interaction is 

examined. The interaction between IP task requirements and postural control is framed in the 

single-channel theory of dual-task interference. This theory postulates that, like capacity theory, 

task processes can occur in parallel. However, certain processing stage(s) can only be uniquely 

processed, i.e. the two (or more) tasks vie for a single processing channel. This theory originates 

from certain experimental observations. Previous experiments (Telford, 1931a; Vince, 1949) had 

shown that when two stimuli were presented consecutively, i.e. with a delay of somewhere 

between 25-1000 ms, that at short delays the RT for the second stimulus significantly increased. 

At longer time delays this effect dissipated. The RT for the first stimulus was typically 

unaffected. These results were referred to as the Psychological Refractory Period (PRP). The 

increase in RT for the second task can be interpreted as the result of postponement of processing 

due to task requirements by task 1. At short intervals task 2 may need access to these task 

processes while task 1 still occupies this exclusively accessible stage (Figure 1). 

Because the single-channel paradigm is based on the examination of the temporal dynamics 

of tasks, postural recovery responses to perturbations can be considered an appropriate medium 

to explore postural dual-task interactions within this framework. Postural reflexes are typically in 

response to sudden postural perturbations, and the electromyographic (EMG) signal is typically 

characterized by a triphasic latency pattern and amplitude. Previous work has shown that the 

term ‘postural reflex’ may be a misnomer, as both the temporal dynamics as well as the 

amplitude of the ‘reflex’ are affected by higher order cognitive processes (e.g. ‘mental set’) 

(Aminoff & Goodin, 2000; Brunia, 1971; Horak & Diener, 1994; Horak, Diener, & Nashner, 

1989; Horak & Nashner, 1986). Furthermore, it has been shown that postural perturbations evoke 

cortical responses within 100-200 ms of platform onset (Quant, Adkin, Staines, & McIlroy, 

2004), of which the magnitude was reduced with a concurrent IP task (Quant, Adkin, Staines, 
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Maki, & McIlroy, 2004). The reduced cortical activity was associated with increased muscle 

activity. Altogether, there is ample evidence that higher order control processes change both the 

temporal dynamics and the amplitude of the postural reflex response (Brauer, Woollacott, & 

Shumway-Cook, 2002; Maki, Zecevic, Bateni, Kirshenbaum, & McIlroy, 2001; Norrie, Maki, 

Staines, & McIlroy, 2002; Rankin, Woollacott, Shumway-Cook, & Brown, 2000), and thus 

render postural perturbations as an appropriate medium to examine the single-channel theory. 

 

SOA

A1 B1 C1

B2 C2

S1

A2

S2

postponement

R1

R2

 

Figure 1.  Experimental design associated with the single-channel theory. A stimulus-response 
task (S1-R1) is characterized by several stages. These stages can broadly be divided in 
sensory/perceptual processes (A1), stimulus-response mapping (B1), and response execution 
(C1) processes, which consequently lead to a response (R1). After a certain time delay, or 
Stimulus Onset Asynchrony (SOA), a second stimulus is presented (S2). According to a single-
channel theory, stimulus response mapping for the second stimulus (B2) is postponed until this 
process has completed for the first task. At longer SOAs ‘B1’ processes have already completed 
when they are required by S2, and S2 processing is no longer delayed by S1 processing 
requirements. This effect is referred to as the PRP effect. 

 

The temporal dynamics of postural responses to perturbations can be measured in several 

ways. Besides temporal analysis of muscle activations, postural reactions can be quantified as the 

onset of the change in the Center of Pressure (COP), which is a weighted average of plantar 

pressure on a surface. Postural responses to sudden floor translations can be characterized by an 

inverted pendulum response. In that case, agonistic and antagonistic muscle responses of the 

lower leg control the corrective response. For example, in a sudden backward translation of the 

floor, the body swings forward, which requires activations of the Gastrocnemius and Soleus to 
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‘pull’ the body back into an upright position, and antagonistic Tibialis Anterior activation to 

prevent from ‘overshoot’ of the corrective response. Figure 2 shows a typical COP and EMG 

response pattern. 

 

-250 0 100 200 300 400 500 600 700 800 900 1000
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Figure 2.  Temporal dynamics of (typical) Center of Pressure (COP) and EMG responses to a 
backward platform translation. The Soleus (SOL) and Gastrocnemius (GAS) are activated in 
response to the forward displacement of the COP. From Muller & Redfern (2004) 

 

In Chapter 3 (“Correlation between EMG and COP onset latency in response to a 

horizontal platform translation”) the relation between the onset of the COP responses and 

EMG onset latencies was examined. The results showed a correlation between COP onset 

latency and the EMG onset latency, and it was concluded that COP onset latencies are 

representative of muscle activations in response to platform translations. The COP onset latency 

was used in further studies of the PRP effect and postural dual-task control. 

In Chapter 4 (“Attentional dynamics in postural control during perturbations in young 

and older adults”) the experimental design typically associated with single-channel models is 

applied to dual-task postural control. Fast platform translations were, in most cases, followed by 
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a RT stimulus. The time delay between the platform stimulus and the RT stimulus was 

systematically varied, and the temporal dynamics of the postural response and RTs were further 

examined. To explore sensory aspects of postural control, a visual RT task was compared to an 

auditory RT task. 

In Chapter 5 (“Effect of preparation on dual-task performance in postural control”) the 

possible existence of a single-channel in postural dual-task control was further explored. Several 

studies have postulated that processes involved in mapping the appropriate responses to the 

stimulus create the single-channel in central processing (Karlin & Kerstenbaum, 1968; Pashler, 

1984). This implies that if this ‘decision’ process is facilitated, temporal demands on the single-

channel should be reduced, and accordingly facilitate dual-task performance. Based on this 

premise, postural decision making processes were facilitated by providing advance information 

on the upcoming postural perturbation. This information included information about the onset of 

the platform translation and/or direction of the platform translation. The effect of advance 

information on COP onset latencies and RTs was further examined. 

In Chapter 6 (“Postural prioritization defines the interaction between a reaction time 

task and postural perturbations”) the order in which the postural stimulus and the RT stimulus 

were presented was systematically varied. In the previous two studies, the postural stimulus was 

presented predominantly before the RT stimulus, and the COP onset latencies were relatively 

unaffected as a function of the time delay between the platform translation and RT stimulus. This 

would be in line with a single-channel model. Likewise, if the RT stimulus would be presented 

first, COP onset latencies should follow a PRP like effect. This premise was examined in chapter 

5. Furthermore, results from chapters 3 and 4 showed that postural preparation is important in 

postural dual-task performance. To further explore postural preparation, translations with a high 

threat to postural stability were interspersed with platform stimuli which posed no threat to 

postural stability. 

In the final chapter (Chapter 7: “General discussion”) implications of these and previous 

findings for dual-task postural control are discussed. The validity of single-channel interference 

is evaluated. Furthermore, the effects of a ‘posture first’ strategy on the dual-task interaction are 

discussed. 

 

All chapters are published in, or at present submitted to international peer-reviewed journals. 
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All chapters were written in an inspiring collaboration with Joe Furman, Dick Jennings, and 

Mark Redfern. The various permutations of our names as authors of the chapters are witness of 

this strong collaboration. Because these chapters haven been written as separate scientific 

articles, some overlap between the chapters may occur. This will hopefully not reduce the 

readability of this thesis. 

Chapters 2-6 are identical to the following articles: 

 

• Chapter 2: Müller, M.L.T.M., Jennings, J.R., & Redfern, M.S. (2007). Attentional 

components of postural control. Submitted for publication 

• Chapter 3: Müller, M.L.T.M., & Redfern, M.S. (2004). Correlation between EMG and COP 

onset latency in response to a horizontal platform translation. Journal of Biomechanics, 

37(10), 1573-1581. 

• Chapter 4: Redfern, M.S., Müller, M.L.T.M., Jennings, J.R., & Furman, J.M. (2002). 

Attentional dynamics in postural control during perturbations in young and older adults. 

Journals of Gerontology: Biological Sciences, 57A, B298-B303. 

• Chapter 5: Müller, M.L.T.M., Jennings, J.R., Redfern, M.S., & Furman, J.M. (2004). Effect 

of preparation on dual-task performance in postural control. Journal of Motor Behavior, 

36(2), 137-146. 

• Chapter 6: Müller, M.L.T.M., Redfern, M.S., & Jennings, J.R (2007). Postural prioritization 

defines the interaction between a reaction time task and postural perturbations. Revised for 

publication. 
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Chapter 2 

Attentional components of postural control 

 

 

Abstract 

Over the last twenty years a substantial body of evidence has accumulated 
showing an interaction between postural control processes and information 
processing (IP). This paper reviews the literature on postural dual-
task studies investigating cognitive processes in postural control from both 
a cognitive psychology perspective and from a postural control 
perspective. From a cognitive psychology perspective, the literature 
indicates that the traditionally invoked ‘capacity’ models could not 
account for certain postural dual-task effects. The single-channel theory of 
attention and its unique methodological design were offered as an 
alternative. However, certain results did not fit a single-channel either. A 
careful analysis of the literature from a postural control perspective 
showed that sensory aspects of postural control, (i.e. visual, proprioceptive 
and vestibular) are affected by IP task processes, and vice versa. However, 
the relationship between postural and IP task demands was not 
unequivocal, and suggested that other processes may play a role as well. A 
posture-first principle could perhaps account for the interactions. The 
exigent nature of posture may demand priority in processing, thereby 
biasing the postural dual-task interaction. Certain results in the literature 
were discussed that may support a theory positing prioritization of postural 
control. 

 

Introduction 

Postural control is characterized by both sensory-driven peripheral reflexes as well as central 

cognitive processes. An interaction effect between information processing (IP) tasks and postural 

sway was already seen as early as 1925 (Fearing). However, triggered by the hallmark study by 

Kerr, Condon and McDonald (1985), interest has grown over the last two decades in better 

understanding of the interaction between postural control and central cognitive IP task 

requirements. The mechanism that explains the intricacies of this interaction has often been 

referred to as ‘attention’. This is, however, a rather generic concept, referring to a wide range of 
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human information processing mechanisms. In general, ‘attention’ or ‘attentional processes’ 

within ‘postural dual-task’ studies should be understood as the underlying processes that define 

the limitations between concurrent processing of IP task requirements and ‘automatic’ 

processing of postural task demands. Several attentional mechanisms have been proposed in the 

postural dual-task literature, with in particular capacity theories, which were ‘borrowed’ from 

dual-task studies in the cognitive psychology literature. 

In this article the postural dual-task literature will be reviewed from both the cognitive 

psychology perspective as well as from the postural control perspective. While a significant 

number of studies have interpreted their results in terms of capacity theories, a limited number of 

studies concerning postural perturbations have interpreted the results in terms of a so-called 

single-channel theory. The validity of both theories in the postural dual-task literature will be 

investigated. Furthermore, the postural dual-task literature will also be reviewed from a postural 

control perspective, as this reflects the primary focus of most studies. Finally, postural dual-task 

effects will be reviewed from a ‘posture-first’ point of view. 

 

Delimitation of the literature 

A strong diversity in methodological designs characterizes the postural dual-task literature. 

Unfortunately, this diversity oftentimes hampers attempts for direct comparisons and to discern a 

logical progression in theoretical ideas. Furthermore, a wide variety of subject populations have 

been examined. While a majority of the studies have focused on dual-task postural control in 

healthy young and older adults, postural dual-task performance has also been evaluated as an 

explanation and possible predictor for falling in older adults (Hauer et al., 2003; Lajoie & 

Gallagher, 2004; Verghese et al., 2002), as part of pathologies such as Parkinson and Alzheimer 

disease (Manckoundia, Pfitzenmeyer, d'Athis, Dubost, & Mourey, 2006; Morris, Iansek, 

Smithson, & Huxham, 2000; Rapp, Krampe, & Baltes, 2006) or vestibular disorders (Talkowski, 

Redfern, Jennings, & Furman, 2005), as a gauge for neuroplasticity (Geurts, Mulder, Nienhuis, 

& Rijken, 1991; Geurts & Mulder, 1994), and to study the effects of brain injury (Brauer, 

Broome, Stone, Clewett, & Herzig, 2004; Brown, Sleik, & Winder, 2002; Geurts, Ribbers, 

Knoop, & van Limbeek, 1996) on postural control. In addition, certain methodological concerns 

exist within the postural dual-task literature as well. For example, it has been shown that 

respiration and perhaps articulation might affect postural sway (Hodges, Gandevia, & 
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Richardson, 1997). Two studies indeed showed that verbal response IP tasks differentially 

affected postural sway (Dault, Yardley, & Frank, 2003; Yardley, Gardner, Leadbetter, & Lavie, 

1999) compared to ‘silent’ counterparts. Given this premise, studies that use verbal response IP 

tasks should be reviewed carefully. Changes in postural sway might tell less about IP task 

processes per se than about concomitant cognitive and motor (verbally) induced sway. 

For purposes of clarity we restricted this review to a limited number of studies. First, we 

included those studies that were illustrative of a methodological paradigm. For example, we 

reviewed several studies that used the Brooks task to evaluate visuospatial task interference in 

postural control. Secondly, we limited our review to studies that primarily focused on healthy 

adults. In particular, we reviewed postural dual-task effects in young adults, and refrained from 

discussing ageing effects, unless these age effects led to a better understanding of the postural 

system. Third, we did not include those studies in which the inclusion of a verbal task prevented 

a comparison in sway between conditions (i.e. verbal versus non-verbal IP tasks). 

 

Theories of attention 

There has been a long experimental tradition in cognitive psychology to discern the 

underlying intricacies that define dual-task interactions. As is apparent, there are limitations on 

the number of activities we can do concurrently. Some of these limitations are structural, i.e. 

obviously one cannot do a handstand and stand upright at the same time, but some are functional 

i.e. central processing demands of one task interfere with processing demands of another task. 

For example, when a person is directed to place emphasis one specific task over the other, 

typically, performance on the primary task improves at the expense of the other task. Over the 

years, multiple theories have been developed that have tried to explain the functional limitations 

in human performance. 

 From these studies two main classes of theoretical models can be distinguished. In the one 

class, capacity theories propose that the brain is essentially limited in capacity to execute parallel 

advancing computational processes. This is a more general processing limitation. On the other 

hand, in the other class, the single-channel theory proposes that the brain has structural 

limitations and that certain processing can only be done by one task at a time. This implies 

parallel processing with occasional serial processing or ‘queuing’ of tasks. In the following 
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sections these two classes of theories will be briefly discussed along with its implementations in 

postural dual-task control. 

 

Capacity theories of dual-task interference in postural control 

Capacity theories have been pervasive theories to explain dual-task interaction effects, with 

Kahneman’s (1973) and Wickens’ (1980; 1992) theories dominating the discussion. There are 

some relevant differences between Kahneman’s and Wickens’ theories. Foremost, Kahneman 

proposed capacity as an undifferentiated (i.e. single) source in which capacity can be freely 

allocated (Fig. 1), while Wickens suggested multiple resources of capacity specific for different 

types of processing. Over the years, substantial evidence was presented against Kahneman’s 

theory (Heuer, 1985; Navon & Gopher, 1979; Neumann, 1987; Wickens, 1980), and Wickens 

multiple resource theory came as a response to dual-task effects that could not be explained by 

Kahneman’s theory. For example, problematic evidence for Kahneman’s theory arose from 

experiments in which the response mode of one the tasks was changed (Trumbo & Milone, 1971; 

Vidulich, 1988). When a tracking task was combined with a choice RT task, better dual-task 

performance could be observed for the choice RT task that required vocal responses than for the 

RT task that required manual responses. This cannot be explained by Kahneman, as the capacity 

demands of a task are only defined by the difficulty of a task. Therefore, if the difficulty of a task 

does not change, a change to a different response mode should not affect dual-task performance. 

Wickens’ theory is able to account for these results, as it can be hypothesized that manual choice 

RT responses draw on the same resource as the manual tracking task, while verbal responses do 

not. 

Both Wickens’ and Kahneman’s capacity theories are frequently referenced in postural dual-

task studies and these references are often used interchangeably. For example, in a recent review 

paper by Woollacott and Shumway-Cook (2002), attention was defined as the “…information 

processing capacity of an individual.” (p. 1), and was supplemented with the assumption that 

capacity “…is limited for any individual and that performing any task requires a given portion of 

capacity. Thus, if two tasks are performed together and they require more than the total 

capacity, the performance on either or both deteriorates…” (p. 1). Although Wickens was 

referenced for this definition, it actually more closely follows the concepts of capacity as was 

laid out by Kahneman. 
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The validity of limited capacity as an attentional mechanism of postural control is difficult to 

discern. Most studies used the ‘capacity explanation’ as a post hoc means to explain the observed 

interaction effects rather than as a falsifiable a priori hypothesis. This prevents a careful review 

of capacity claims, as experiments were in general not designed around these hypotheses. 

Notwithstanding, there is some evidence that capacity as was laid out by Kahneman’s and 

Wickens’ theories may not account for postural dual-task results. 

 

S1 R1

S2 R2
A

S RST

S1 R1

R2S2

B

C

Time

S2 No Response

S1 R1

 

Figure 1.  Different scenario’s for dual-task performance as a consequence of different 
resource-allocation policies. ‘ST’ depicts the amount of capacity available to perform a 
stimulus-response (S-R) task. Panels A, B, and C are possible scenarios of the trade-off in task 
performance as a result of two tasks requiring this finite amount of available capacity. Scenario 
A: Perfect sharing of resources, leading to detrimental task performance on both tasks. 
Scenario B: Graded sharing of resources, leading to affected task performance in both tasks 1 
and task 2, however to a lesser extent in task 1 as would have been for perfect resource sharing. 
Scenario C: Full capacity allocation to task 1, which holds off task 2 processing until after 
completion of task 1. 

 

Several relevant notions and subsequent consequences define Kahneman’s theory. First, 

Kahneman viewed capacity as an undifferentiated source that can be voluntarily allocated among 

tasks (Fig. 1). The allocation of capacity is dependent on the evaluation of the demands of the 
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task, for example such as the specific instructions that follow with a task. Secondly, task 

difficulty is defined in terms of the amount of capacity consumed. More difficult tasks require 

more capacity, and consequently should progressively affect dual-task performance. However, 

the concept of ‘difficulty’ is hard to define, which often leaves open-ended conclusions as to the 

capacity demands of a task. Notwithstanding, from these two notions it follows that if either task 

difficulty or capacity allocation is manipulated, dual-task performance should be affected as 

well. 

The validity of limited capacity as an explanatory model for postural dual-task performance 

is challenged by the same concepts that challenged Kahneman’s theory (see Wickens, 1992). 

First, several studies have examined the effect of varying task difficulty. While some studies 

found effects consistent with capacity theory on both IP task and postural performance 

(Pellecchia, 2003; Riley, Baker, & Schmit, 2003), other studies have showed that IP task 

performance did not progressively deteriorate when both the postural and the IP task became 

progressively more difficult (Dault, Geurts, Mulder, & Duysens, 2001; DiDomenico & 

Nussbaum, 2005). These latter results are contrary to a capacity point of view, where the 

strongest IP task performance decrements and the greatest instability should have been found 

when the most complex postural task and the most complex IP tasks were combined. Secondly, 

postural dual-task performance was different when the IP task and the postural task were 

practiced together than when the two tasks were practiced apart (Pellecchia). The differential 

effect of practice method on postural dual-task performance suggest that practice not only 

changes capacity demands, but that other mechanism change as well, leading to different 

responses. Third, when capacity was voluntary allocated to postural control (i.e. task instruction), 

dual-task performance was identical to when no such specific instruction was given (Mitra & 

Fraizer, 2004). Altogether, these results do not support an undifferentiated capacity model to 

explain observed postural dual-task effects. 

There is also some evidence that argues against multiple resource theory of capacity as was 

proposed by Wickens. Wickens’ claims are however, more difficult to falsify based on a post-

hoc analysis of the results, as these require more specific experimental designs than the simple 

combination of two tasks. To properly test Wickens’ claims, an experimental design would, for 

example, have to include a postural task, and compare two IP tasks that are similar in nature, 

however with one of the tasks drawing on resources that are also specific to the postural task, 
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while the other one does not. For that purpose, the Brooks visuospatial and non-spatial memory 

tasks (Brooks, 1967) may fit the bill, which has two tasks that are nearly identical but require 

different modes of processing. This task is actually often used in the postural dual-task literature, 

albeit with a different theoretical justification (Ehrenfried, Guerraz, Thilo, Yardley, & Gresty, 

2003; Kerr et al., 1985; Maylor, Allison, & Wing, 2001; Swan, Otani, Loubert, Sheffert, & 

Dunbar, 2004). The results of these studies (which will be more extensively discussed later) were 

inconsistent and showed that there was no obvious difference in postural and Brooks task 

performance between the two versions of the task. Thus, either visuospatial memory tasks do not 

draw from the same resource as postural control, or if they do, there are no (multiple resource) 

capacity limitations, and other underlying mechanisms may explain the dual-task effects. 

Based on these circumstantial findings we might conclude that the dual-task postural control 

literature cannot be explained by capacity models. However, more specific experimental designs 

will have to be developed to definitively support this conclusion. The previously reviewed 

studies were mostly characterized by a continuous task design, in which the continuous 

performance of two tasks is measured for a more prolonged time. This design, however, does not 

have the ability to distinguish intermittent interaction effects. For example, it had already been 

shown before the introduction of capacity theories that task performance may only be interrupted 

intermittently, the so-called Psychological Refractory Period (or PRP) effect (Telford, 1931b). A 

single-channel has been proposed as the underlying attentional mechanism for this effect 

(Pashler, 1994; Welford, 1952, 1980). The following section will discuss this perspective in 

postural dual-task control. 

 

The single-channel model: an alternative theory of postural dual-task interference 

The single-channel model advocates a more stage-like approach of information processing, 

which perhaps better reflects the modular neuroanatomy of the brain. In general, sensorimotor 

tasks, such as postural control, can roughly be distinguished by several processing stages. In 

response to (incongruent) environmental stimuli, sensory inputs from the visual, proprioceptive, 

and vestibular systems are combined into a congruent input signal, appropriate responses are 

selected, and motor responses are initiated. Structural interference may arise between the 

processing of these stages and IP task process demands. The single-channel theory is based on 

the premise that processing streams of these different stages mainly advance in parallel, however 
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with occasional processing ‘bottlenecks’ that lead to serial processing. 

The single-channel theory of attention is characterized by a unique methodological design 

(Fig. 2), which is designed to examine the temporal dynamics of reciprocal interference effects. 

In this experimental design, two tasks that require speeded responses (such as RT tasks) are 

presented consecutively with minimal time separating the two tasks (usually between 20-1000 

ms). Typically, RT for the second stimulus is increased when the two task stimuli are presented 

in close temporal proximity, while the RT for the first stimulus is relatively unaffected. With a 

longer temporal separation between the first and the second stimulus, the RTs for the second 

stimulus gradually start to decrease while the RT for the first stimulus remains relatively 

unaffected. This effect is referred to as the Psychological Refractory Period (Telford, 1931b). 

 

 

The PRP effect has often been attributed to the inability of certain central processing 

mechanisms to process more than one task at a time. While most of the processing stages of a 

specific task can advance in parallel with processing stages of the other task, it has been 
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Figure 2.  Experimental design associated with the single-channel theory. A stimulus-response 
task (S1-R1) is characterized by several stages. These stages can broadly be divided in 
sensory/perceptual processes (A1), stimulus-response mapping (B1), and response execution 
(C1) processes, which consequently lead to a response (R1). After a certain time delay, or 
Stimulus Onset Asynchrony (SOA), a second stimulus is presented (S2). According to a single 
channel theory, stimulus response mapping for the second stimulus (B2) is postponed until this 
process has completed for the first task. At longer SOAs ‘B1’ processes have already completed 
when they are required by S2, and S2 processing is no longer delayed by S1 processing 
requirements. This effect is referred to as the PRP effect. 
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hypothesized that certain mechanisms only can process one task at a time. This introduces serial 

processing in an otherwise parallel processing system, and a processing ‘bottleneck’ arises. It has 

been suggested that this bottleneck occurs in the ‘decision stage’ of information processing, 

(Karlin & Kerstenbaum, 1968; Pashler & Johnston, 1989; Smith, 1967), i.e. when stimulus-

response mapping occurs. 

It should be noted however, that results typically found in single-channel task designs can 

also be explained by limited capacity (Navon & Miller, 2002; Tombu & Jolicoeur, 2002; Tombu 

& Jolicoeur, 2003, 2005). In that case, the processing delay in the second task would not be the 

result of queuing of processing mechanisms, but by complete allocation of capacity to the first 

task (scenario C in Fig. 1). Thus, rather than a competition for processing structures, the delay 

would be the result of a competition for processing capacity. Notwithstanding, the experimental 

design associated with the single channel allows for a fine-grained temporal analysis of the 

postural dual-task interaction, which may be of particular relevance in postural perturbation 

studies. 

Since the PRP paradigm is based on the examination of the temporal dynamics of tasks, 

postural reflexes can be considered an appropriate medium to explore postural dual-task 

interactions in a PRP framework. Postural reflexes are typically in response to sudden postural 

perturbations, and the EMG signal is typically characterized by a triphasic latency pattern and 

amplitude. Previous work has shown that the term ‘postural reflex’ may be a misnomer, as both 

the temporal dynamics as well as the amplitude of the ‘reflex’ are affected by higher order 

cognitive processes, e.g. ‘mental set’ (Aminoff & Goodin, 2000; Brunia, 1971; Horak & Diener, 

1994; Horak et al., 1989; Horak & Nashner, 1986). Furthermore, postural perturbations evoke 

cortical responses within 100-200 ms of platform onset (Quant, Adkin, Staines, & McIlroy, 

2004). With a concurrent IP task cortical activity was reduced, however muscle activity was 

increased (Quant, Adkin, Staines, Maki et al., 2004). Altogether, there is ample evidence that 

higher order control processes change both the temporal dynamics and the amplitude of the 

postural reflex response (Brauer et al., 2002; Maki, Zecevic et al., 2001; Norrie et al., 2002; 

Rankin et al., 2000), and thus render postural perturbations as an appropriate medium to examine 

the single-channel theory. 

Several studies (Müller, Jennings, Redfern, & Furman, 2004; Müller, Redfern, & Jennings, 

2007; Redfern, Müller, Jennings, & Furman, 2002) explored the interaction effects between IP 
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tasks and postural perturbations. In a series of experiments, Redfern and colleagues combined 

discrete high velocity postural platform translations with single event RT stimuli which were 

presented shortly pre- or post postural perturbation. Typically, temporal measures in response to 

the RT probe (i.e. reaction time) and the onset of the reactive postural responses (i.e. COP onset 

latency; see also Müller & Redfern, 2004) were taken as measures of the interaction between 

postural and IP task processes. 

Temporal measures of the postural response and the IP task reflected a pattern typically seen 

in PRP experiments (see Fig. 3; Redfern et al., 2002). Reaction times were increased when the 

postural stimulus and the RT probe were presented in close temporal proximity. These RTs 

decreased with increased delay between the postural stimulus and the RT probe. Interestingly, 

the COP onset latency did not change as a function of the time delay between the posture 

stimulus and the RT probe (Redfern et al., 2002). These results suggest that IP task interference 

with ‘reflex’ responses may be dictated by a single-channel processing bottleneck. This finding 

was further corroborated by Muller et al. (Müller et al., 2004), who showed that when the timing 

and direction of the onset of the platform translation was provided in advance, both the COP 

onset latency and RTs decreased. Thus, advance information positively affected response 

selection processing, thereby allowing facilitated processing for both the postural task and the IP 

task. 

In the studies by Redfern et al. (2002), and Müller et al. (2004), postural perturbations were 

in most cases presented before the RT task and COP onset latencies were relatively unaffected. If 

the single-channel model holds true, than COP onset latencies should be affected in a PRP like 

manner when the postural perturbation is presented after the RT task. An experiment by Müller 

et al. (2007) showed that postural responses were modulated when a RT probe was presented 

before a platform perturbation. However, the amplitude of the postural response, instead of the 

COP onset latency, was affected by the IP task (see also Maki, Zecevic et al., 2001). The 

magnitude of this modulation effect was scaled by the time delay between the RT probe and the 

postural perturbation. This suggested that postural control may have used the RT probe as a 

timing cue for the upcoming perturbation. With sufficient time separating the RT probe and the 

postural stimulus, the timing cue was utilized by the postural control system to scale the postural 

response. Although other results (Müller et al., 2004; Redfern et al., 2002) showed that the 

interaction between postural control and IP tasks may partially be defined by a single-channel, 
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these results suggested that other mechanisms may define this interaction as well; especially 

when the threat of a perturbation is imminent. 
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Figure 3.  A PRP like effect on RT during platform perturbations. Reaction times are the 
highest when the RT probe is presented shortly before (Interval Time δ = -100 ms), 
simultaneously (δ = 0 ms) or shortly after the platform translation (δ = 100 ms). RTs decreased 
and remain relatively equal for later time delays. This effect is similar for both small and large 
platform perturbations. From Redfern et al. (2002). 

 

Conclusions: the role of dual-task theories in postural control 

So far, we have seen several theories that sought an explanation for dual-task postural 

control, with capacity concepts dominating theoretical thinking. The literature has shown some 

circumstantial evidence for capacity concepts in postural control; however, the capacity 

limitations as laid out in both Kahneman’s and Wickens’ theories may not provide a completely 

satisfactory explanation. The single-channel as an alternative theory was explored with some of 

the initial results in line with this theory. However, a single-channel model could not account for 

postural dual-task performance when the order between the postural and IP task was varied 
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(Müller et al., 2007). Therefore, attentional mechanisms other than capacity or a single-channel 

may play a role in dual-task postural control. 

Critical tests of capacity claims in postural dual-task studies were often not the principal 

focus of these studies. Most studies used the ‘capacity explanation’ as a post-hoc means to 

explain the observed interaction effects rather than as a falsifiable a-priori hypothesis. Rather, the 

primary focus of postural dual-task studies was on the effects of (sensory) IP task requirements 

on sensory aspects of postural control. These studies will be reviewed from that perspective in 

the next section. 

 

Postural control perspective of attention 

Visuospatial IP tasks and postural control 

One of the more profusely examined interactions is between visuospatial IP tasks and 

postural control. The underlying premise has been that visuospatial IP task processes should 

interfere with postural control to a larger extent than other IP tasks because of the strong reliance 

of postural control on visual sensory inputs. To that end, typically, an IP task that has strong 

visual processing elements is contrasted with a non-visual IP task, and effects of both tasks on 

postural sway are examined. An often used task for that purpose was the Brooks spatial and non-

spatial memory tasks (Brooks, 1967). 

In the Brooks task a visuospatial memory task is compared to its non-spatial counterpart. For 

the spatial version of the Brooks task, subjects have to imagine placing consecutive numbers in a 

square grid and memorize the position of the numbers in the grid. The number position within 

the grid is typically provided by the experimenter through verbal instruction (e.g. “In the starting 

square put a 1. In the next square to the left put a 2. In the next square down put a 3.”). After 

completion of the dual-task condition, the position of the numbers has to be recalled on a scoring 

sheet. In the non-spatial task subjects are given sentences that are similar to the spatial task 

sentences, but in which the spatial references (left, right, up, down) have been substituted with 

neutral words (good, bad, quick slow). These sentences are also memorized and recalled at a later 

time. 

Results of several studies seem to suggest that the spatial Brooks task has no different affect 

on postural sway than it’s non-spatial equivalent (Ehrenfried et al., 2003; Kerr et al., 1985; Swan 
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et al., 2004), i.e. both tasks generally evoke a decrease in sway. However, IP task performance 

was different between the types of Brooks tasks, with the spatial task performance more affected 

by concurrent postural task demands than non-spatial task performance (Kerr et al., 1985; 

Maylor et al., 2001). In contrast, with increased visual environmental demands one study found 

no difference in IP performance between the two parts of the Brooks task (Ehrenfried et al., 

2003), and one study found that performance on the spatial task was actually better than on the 

non-spatial task (Swan et al., 2004). Mechanisms other than visual processes may have 

accounted for these results. 

A more precise analysis of the effects of the Brooks task on postural control revealed that 

specific processing stages had differential effects on postural control. In a study by Maylor et al. 

(2001), the effect on postural stability of the so-called stimulus encoding stage and stimulus 

maintenance stage were examined. Postural control did not affect performance on either the 

spatial or non-spatial part of the Brooks task (compared to seated performance). However, 

postural sway was decreased particularly in the spatial task during the encoding phase, but sway 

was increased during the maintenance phase, especially for the non-spatial task. 

Notwithstanding, the relevance of these specific stages in postural control is less clear.  

The results of the Brooks task experimental paradigm have provided no clear evidence for a 

strong interaction between visuospatial IP task demand and visual postural task processes. 

However, the Brooks task may not be the appropriate task to probe visuospatial aspects of 

postural control, as this task has strong memory components associated that may be less relevant 

to postural control. Reaction time tasks may be more appropriate tools, as reactions to 

environmental variables reflect more typical situations relevant to postural control. Based on the 

same logic as for the Brooks task studies, several studies compared a visual IP task with an 

auditory IP task (Hunter & Hoffman, 2001; Redfern, Jennings, Martin, & Furman, 2001; 

Vuillerme, Nougier, & Teasdale, 2000). In general the results showed that there were changes in 

postural sway as a result of a concurrent IP task, but no differences in sway between the visual IP 

task and the auditory IP task (Redfern, Jennings et al., 2001; Vuillerme et al., 2000) even when 

an additional voluntary eye movement task increased visual processing demands (Hunter & 

Hoffman, 2001). Furthermore, these studies found no differences in RT performances between 

the auditory and the visual task as a result of postural demands. Thus, visual sensory aspects of 

RT tasks seem to have no profound differential effects on postural control either. However, 
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detailed analysis of the temporal dynamics between platform translations and RT tasks (Redfern 

et al., 2002), showed that small sensory effects may occur, which may not be discerned in a 

continuous task design (see also Fig. 3). Nonetheless, there is no compelling evidence that the 

visuospatial Brooks memory task and visual RT tasks have stronger interaction effects with 

postural control than other types of IP tasks. This suggests that these types of IP tasks and 

postural control processes perhaps utilize separate visual processing pathways. 

 

Reaction time tasks and postural sensory (re)integration 

Postural control is a multisensory system, and higher order processing of postural control 

entails integration of the different postural sensory inputs to form an appropriate motor response. 

This response entails both reflex-like reactions as well as higher order active regulation as a 

more ‘long-term’ reaction to environmental demands (Peterka, 2002; Peterka & Loughlin, 2004). 

Sensory integration effects are typically studied by eliminating/reducing sensory information or 

providing incongruent sensory information. When presented with incongruent sensory 

information, the postural control system will have to adjust the ‘gains’ of the different sensory 

signals and (re) integrate these inputs into appropriate output signals. It can be hypothesized that 

IP task processing demands may interfere with this central postural control process. 

Increasing demands on the sensory integration process affects IP task performance. Several 

studies combined an RT task with different sensory postural manipulations. The results of these 

studies showed that RTs were generally higher with increased sensory integration demands 

(Redfern, Jennings et al., 2001; Teasdale, Bard, LaRue, & Fleury, 1993; Teasdale & Simoneau, 

2001), although one study could only find this effect in older adults in the most challenging 

sensory integration conditions, i.e. when proprioceptive and visual sensory inputs were 

simultaneously challenged. (Shumway-Cook & Woollacott, 2000). In addition, these studies 

showed that postural sway significantly increased with increased sensory demands, although this 

could only be found for older adults and only in the most challenging postural conditions 

(Redfern, Jennings et al., 2001; Shumway-Cook & Woollacott, 2000; Teasdale & Simoneau, 

2001). Thus, studies have suggested that IP task performance was generally more affected than 

postural control, except for the most challenging postural conditions. This specific interference 

effect suggests that the processing of postural task requirements may have been privileged, with 

as a consequence relatively unaffected postural control, but at a cost of IP task performance. 
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However, postural processing appeared not to be completely immune to IP task interference, 

especially in older subjects in more challenging conditions. 

 

IP tasks and the vestibular system 

The vestibular system is one of the three sensory system involved in controlling balance. The 

vestibular system provides information to the postural control system regarding movement and 

position of the body, and serves to stabilize gaze and clear vision during (head) movements 

(Leigh & Zee, 1991). The vestibular system consists of semicircular canals which sense rotations 

and the otolith organs which sense linear acceleration. Insight into functioning of the 

semicircular canals can be gained through analysis of reflexive compensatory eye movements 

which are called the vestibulo-ocular reflex (VOR), which typically is triggered in rotational 

testing protocols. Likewise, compensatory eye movements during head translation are made as 

well, i.e. otolith-ocular reflexes and can be studied by using tilting protocols. 

The vestibular system can be controlled by voluntary action. For example, the VOR can be 

suppressed by fixation of a target during rotational head movements. This implies that IP tasks 

may interact with vestibular-ocular processing as well. Thus, some of the postural dual-task 

interactions may be explained by IP task interference with vestibular system. To examine the 

effect of IP tasks on the vestibular system, Furman, Müller, Redfern & Jennings (2003) 

combined different visual, vestibular, and visual-vestibular conditions with RT tasks. 

The results showed that higher order visual-vestibular processing interferes with IP tasks. 

Compared to the baseline condition, young adults’ RTs were increased for conditions in which 

the semicircular and otolith organs were stimulated, while old adults’ RTs only were increased 

for semicircular stimulation. The absence of an otolith effect in older adults may be explained by 

a reduced sensitivity to otolithic stimulation in the elderly (Furman & Redfern, 2001). Indeed, 

otolith stimulation affected RT with higher rotational velocity or increased tilt (see Talkowski et 

al., 2005). Analysis of the effect of eye movements on IP processing showed that suppression of 

the VOR during semicircular and otolith stimulation did not affect RT differently than 

stimulation of these organs without VOR suppression (however, see Yardley, Gardner, Lavie, & 

Gresty, 1999). Qualitative analysis of eye movements induced by sinusoidal rotation showed in 

certain cases nystagmus dysrhythmia, cessation of the nystagmus, or a phase lead. Thus, there is 

a reciprocal interference effect between the vestibular system and IP tasks. Voluntary control of 
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eye movements (i.e. smooth pursuit) showed the most significant interference effects with IP 

task performance, and emphasizes the relevance of eye movements in the higher order control of 

posture (see Mitra, 2004; Stoffregen et al., 1999). Altogether, these results showed that both 

vestibular and visual processes interfere with IP processing and vise versa that IP processing 

affects eye movements. Therefore, these results emphasize that all sensory aspects of postural 

control are susceptible to IP task interference. 

 

Posture-first: a unique attentional mechanism of dual-task postural control 

Postural dual-task performance may not be defined by limited capacity, competition for 

shared processing stages, or sensory demands of postural control, but by a ‘posture-first’ 

principle. The exigent nature of postural control may override any simultaneous IP task 

requirements. Especially in vulnerable groups, such as older adults or patient populations, loss of 

balance may have dire consequences for their wellbeing. For example, accidental falls are the 

leading cause of accidental death for persons 65 years or older in both the US (National Health 

Center Statistics, 2003 estimate), and the Netherlands (Centraal Bureau voor de Statistiek, 2005 

estimate). The intrinsic stability seeking nature of postural control may require that postural 

control processes are (occasionally) prioritized over IP task requirements. In that case 

decrements in IP task performance are not the result of capacity limitations or structural 

interference, but the result of privileged postural processing. Consequently, the changes in 

postural behavior should than be considered as ‘strategic’ in order to retain balance. 

A review of the literature from a postural control perspective showed that IP task processing 

requirement and all sensory aspects of postural control reciprocally interact. However, the 

precise nature of the interaction was less clear, and a trend could be discerned that seemed to 

suggest that visual IP task requirements did not have strong interaction effects with visual 

components of postural control. For example, while the vestibular study by Furman et al. 

(Furman et al., 2003) showed that smooth eye movements affected IP task performance, Hunter 

and Hoffman (2001) showed that eye movements in a postural dual-task did not differently affect 

visual IP task results. This notion seems to be verified in studies of the spatial and non-spatial 

Brooks tasks, which showed that the visuospatial version of the Brooks task had no significantly 

different effects on postural control than the spatial version (Ehrenfried et al., 2003; Kerr et al., 
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1985; Swan et al., 2004). In addition, several other studies also showed that auditory RT tasks 

did not affect postural sway differently than visual RT tasks (Redfern, Jennings et al., 2001; 

Vuillerme et al., 2000). While these results suggest that visual aspects of postural control may 

share no common processing mechanisms with visual IP task requirements, an alternative 

interpretation would be possible. Postural control may have had privileged access to processing 

mechanisms that were also needed by the IP task. As a result IP task processing may have been 

delayed until there was no immediate need for posture for these mechanisms in order to ensure 

stability. As such, there was no processing overlap between sensory IP task requirements and 

sensory postural processing requirements. Consequentially, sensory IP task requirements that 

were critical to postural control (i.e. visual) were delayed to the same extent as those that were 

not essential to posture (i.e. auditory), which may explain an absence of obvious sensory 

interference effects. 

Several studies hold clues that suggest a prioritization of postural control hypothesis. For 

example, Brauer et al. (2002) showed in a perturbation study that when older adults needed to 

take a step to retain balance, they completed compensatory stepping responses before completing 

the RT task, while young adults could perform both concurrently (Brauer et al., 2002). Thus, 

older adults ‘delayed’ IP tasks in favor of posture. Likewise, other studies showed that IP task 

performance was most affected in old adults when their postural stability was most 

compromised, i.e. when they were close to the boundaries of their base of support (Teasdale et 

al., 1993), or when the base of support was reduced (Lajoie, Teasdale, Bard, & Fleury, 1996), an 

effect again not seen in young adults. Finally, the results of a study directly aimed at claims of 

postural prioritization (Müller et al., 2007) showed that RTs were significantly increased when a 

destabilizing perturbation was absent when one was expected (see also Müller et al., 2004). This 

suggests that people prioritized and prepared for a destabilizing postural perturbation. The 

inhibition of prepared postural responses may have led to an increase in RT when this 

perturbation was suddenly absent. Postural control was prioritized over IP task requirements. In 

addition, other findings of that same study showed that the postural control system ‘utilized’ the 

RT stimuli as a temporal marker to scale the postural responses. These postural adjustments were 

made, even when no IP task response was required, and were not different from those when an 

IP task response was actually required. These postural adjustments came, however, at a cost for 

IP task performance. Thus, postural control had privileged processing. 
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The perception of a threat to postural stability may also lead to prioritization of postural 

control. In an experiment by Brown, Sleik, Polych and Gage (2002), a platform with the subject 

on it was lifted from the ground, and the subject was placed either near the edge or more central 

on the platform. While this elevated position does not increases the chances of destabilization per 

se, the anxiety that this elevated position may induce, may lead to a perception of postural threat 

and prioritization of postural control. Indeed, the results of this study showed that when the 

posture platform was elevated, specifically in older adults, IP task performance deteriorated and 

sway was minimized. An index based on the relative changes in IP task performance and sway 

showed that with increasing platform elevations postural control was prioritized over IP task 

performance. This implies that even the perception of postural threat may cause a prioritization 

of postural control with subsequent consequences for IP task performance. 

 

Conclusions 

Over the last twenty years a substantial body of evidence has accumulated that showed an 

interaction effect between postural control processes and IP task requirements. In this review, the 

literature was reviewed from both a cognitive psychology perspective and from a postural 

control perspective. The traditionally proposed ‘capacity’ explanations could not account for 

certain postural dual-task effects. The single-channel theory and its unique methodological 

design were offered as an alternative. However, certain results did not fit a single-channel either. 

A careful analysis of the literature from a postural control perspective showed that a posture-first 

principle could perhaps account for the interactions. The exigent nature of posture may demand 

for priority in processing (Brown, Sleik, Polych et al., 2002; Müller et al., 2007); however, 

postural prioritization may not exclusively determine postural dual-task interactions. In situations 

when posture is not threatened, such as in quiet unperturbed standing or in less vulnerable 

population groups, IP task interference with postural control may occur more in line with 

traditional models of dual-task interference. Future research will have to identify the threat to 

postural stability of the postural stimulus, whether actual or perceived, to fully understand the 

postural dual-task interaction. 
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Chapter 3 

Correlation between EMG and COP onset latency in 

response to a horizontal platform translation 

 

Abstract 

This study examined the relationship between onset latencies estimates 
from EMG and center of pressure (COP) in young (five female, five male; 
mean = 24.2 ± 2.3 years) and older (six female, four male; 78.4 ± 2.3 
years) subjects during anterior or posterior platform translations. The 
latencies to onset of activity were estimated for the tibialis anterior (TA; 
mean = 119.8 ms across both age groups) and COP (mean=139.7 ms 
across both groups) for anterior translations, and the soleus (SOL; mean = 
122.4 ms across both groups), gastrocnemius (GAS; mean = 126.0 ms for 
young, and 115.9 ms for old subjects) and COP (mean=160.0 ms across 
both groups) for posterior translations. Average within-subject correlations 
(r′) among these measures showed a high correlation between TA and 
COP onset latency (r′=0.667, young; r′=0.482, old), and relatively low 
correlations between the plantar flexors (SOL and GAS) and COP onset 
latencies (SOL: r′=0.292 for young, r′=0.249 for old; GAS: r′=0.126 for 
young, r′=0.143 for old). The SOL and GAS onset latencies correlated 
well with each other, especially in the older subjects (r′=0.762), 
suggesting that the contribution of two muscles creates some variability in 
the relationship with COP onset latency. The strong correlation between 
TA and COP for anterior perturbations, coupled with the weaker 
correlations for the plantar flexors suggest that the COP method may be 
preferable for studies interested in determining timing of postural 
responses to multidirectional perturbations. 

 

Introduction 

Support surface perturbations have been a useful method in examining human standing 

postural control. In these studies, the platform on which the subject stands is moved rapidly and 

the postural response is recorded and analyzed. Typically, the platform movements are either a 

sudden linear translation in the anterior or posterior direction (Norrie et al., 2002; Redfern et al., 

2002), or a rotation about the ankle (Allum, Bloem, Carpenter, Hulliger, & Hadders-Algra, 

1998). These ‘step-input response’ analyses have been used to explore different aspects of 
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postural control, including sensory integration (e.g. Allum et al., 1998; Horak & Hlavacka, 2002; 

Inglis, Horak, Shupert, & Jones-Rycewicz, 1994), the influence of various pathologies (e.g. 

Horak, Henry, & Shumway-Cook, 1997; Schieppati & Nardone, 1991), and, more recently, the 

cognitive influences on postural control (e.g. Norrie et al., 2002; Redfern et al., 2002). Analysis 

methods in these studies have looked at either the biomechanical response (e.g. changes in COP, 

changes in kinematics via attached markers), or the electromyographic (EMG) responses from 

postural muscles to the perturbation. 

From a biomechanical perspective, these perturbations require an active torque generation 

about the ankle in order to retain upright stance. The generation of this active torque induces a 

rapid change in the underfoot forces, which, in turn, creates a recognizable change in the position 

of the center of pressure (COP). Typically, the latency of this response is estimated from COP 

changes to obtain a temporal response characterization of the system (Allum & Shepard, 1999; 

Shepard, Schultz, Alexander, Gu, & Boismier, 1993). This procedure is also used clinically in 

‘computerized dynamic posturography’ tests, known as the motor control tests (MCT) of the 

Equitest protocol (Neurocom International Inc., Clackamas, OR) to characterize the response of 

the balance system to perturbations. 

EMG signals in the lower leg muscles are used to analyze postural performance to 

perturbations as well. Typically, EMG of the tibialis anterior (TA) is investigated for anterior 

platform translations, while EMG's of the soleus (SOL) or gastrocnemius (GAS) are used for 

posterior translations. These EMG responses can be complex and include multiple reflex loops, 

including a stretch–reflex response of the muscle, a true postural reflex thought to involve the 

vestibular system, and longer latency responses believed to be a more feedback oriented response 

(Diener, Bootz, Dichgans, & Bruzek, 1983; Nashner, 1976). EMG onset latencies usually 

represent the postural reflex, and can be defined as the first point after the initial stretch reflex 

that exceeds a certain EMG threshold activity (Di Fabio, 1987). 

One study in the literature has estimated latencies from the COP and EMG simultaneously as 

part of a study of aging and postural control (Peterka & Black, 1990a). This comparison was 

performed during the examination of the effect of age on EMG and COP outcome parameters of 

the different components of the MCT. Only a relatively small effect of age on these postural 

parameters was found, taking into account the variability within the population. Comparisons of 

EMG and COP methods showed a relatively strong correlation between TA and COP onset 
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latency, and a relatively weak correlation between GAS and COP onset latency. This result is 

especially important since the correlation between EMG and COP may be a good indication of 

the reliability and functional relationship of these two measures in platform translations. 

The purpose of this study was to examine the relationship between EMG and COP onset 

latencies in young and older subjects during platform translations. This will enable the 

interpretation of results across past studies using different techniques and help design future 

studies in this area. For anterior translations we specifically examined the correlation between 

the TA and COP onset latencies. For posterior translations, in addition to the GAS (also reported 

by (Peterka & Black, 1990a), we included the SOL for correlation analysis with COP onset 

latency. Since both the GAS and SOL contribute to a recovery response, the mutual correlation 

between these plantar flexors and the correlation of each with COP onset latency is important in 

order to understand the relationship between EMG and COP measures. 

We performed these experiments as part of a larger effort investigating the effects of aging 

and cognition on balance (Müller et al., 2004). 

 

Methods 

Subjects 

Ten healthy young subjects (five female, five male; range = 21–28 years; mean = 24.2±2.3 

years), and 10 healthy older subjects (six female, four male; range = 75–82 years; mean = 

78.4±2.3 years) participated in this study. Prior to enrollment, all subjects were screened for 

normal vestibular function through caloric and rotational testing (Furman & Cass, 1996) and 

successfully completed a neurological examination. All subjects had normal or corrected-to-

normal vision. Informed consent was obtained prior to any participation. The Institutional 

Review Board of the University of Pittsburgh approved this study. All subjects received payment 

for participation. 

 

Instrumentation 

Subjects stood on a posture platform (Equitest, Neurocom International Inc., Clackamas, OR) 

that was able to provide anterior and posterior horizontal translations of 3.17 cm. This movement 

required about 250 ms with maximum velocity attained at about 50 ms and deceleration of the 
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force plates at about 200 ms. The posture platform included forceplates that recorded COP 

during the trials. The participants wore a safety harness to prevent falling. This harness did not 

inhibit movement or provided any feedback sensation during the perturbation. In addition to the 

COP recordings, EMG signals were recorded using surface electrodes (Motion Control Inc., Salt 

Lake City, UT) over the TA, SOL and GAS of the right leg. The EMG's were preamplified 

(Measurement Systems Inc., Ann Arbor, MI) with a variable gain, and band-passed filtered from 

30–250 Hz. All signals were digitally recorded at a sampling rate of 1000 Hz and stored for 

subsequent analyses. 

 

Task 

Subjects stood on the platform facing a visual surround that encompassed the full visual field 

at a distance of about 1 m. The subjects were instructed to position the feet approximately 

shoulder width apart and cross the arms in front of the body. Subjects were presented 50 postural 

translations (25 anterior and 25 posterior translations). The platform translation direction was 

chosen at random. Each translation was initiated between 1 and 4 s after the completion of the 

previous translation. The total duration lasted for about 5 min. 

 

Data analysis 

The COP data were evaluated to estimate the COP onset latency (COPL) and EMG data were 

used to estimate the muscle onset latency (EMGL) of the active recovery in response to the 

platform translation (Figure 1). Center of pressure time series typically show that, in 

approximately the first 100 ms after the platform translation, changes in COP occur, even before 

any active ankle torque is generated (see also figure 1). Peterka and Black (1990a) also reported 

these small COP changes and attributed these to ‘passive’ biomechanical properties and platform 

artifacts. 

Estimation of the COP onset latency was performed using an analysis of the derivatives of 

the COP time series, with follow up visual inspection. Typical for our COP time series, the 

passive torque responses were characterized by, on average, four zero-crossings in the second 

derivative of COP. Based on this empirical finding, we defined the onset of the active recovery 

response as the first zero crossing of the first derivative (Figure 2, panel A) following the passive 

torque. Each estimation was confirmed by visual inspection. In the case that visual inspection of 
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the latency onset estimation 

showed that this method led 

to an obviously erroneous 

COP onset latency 

estimation, the COPL was 

visually approximated by 

marking the beginning of 

the active torque as COPL 

(Figure 2, panel B). A 

repeated-measures ANOVA 

of the estimates showed no 

significant differences 

among the COP onset 

latencies across the analysis 

methods. Thus, the 

procedures did not bias the 

latency measures. 

The EMG time series 

from the three muscle 

groups were analyzed to 

determine the onset of the 

medium latency response. 

Specifically, EMGL was 

defined as the first point 

after the initial stretch reflex 

(determined visually) that 

exceeds three standard 

deviations above baseline 

activity (Di Fabio, 1987). 

Only EMGL for the 

agonistic muscle in response 
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Figure 1.  Representative COP and (agonist) EMG time series 
for an anterior (panel A) and posterior (panel B) platform 
translation trial. All data are from the same young subject. The 
dashed line represents the platform translation onset. Onset 
latency estimates for the COP and EMG traces are labeled 
with arrows. 
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to the platform translation was determined (i.e. TAL for anterior translations; SOLL and GASL for 

posterior translations; see also Figure 1). The computer estimation of the onset of the medium 

latency response was visually inspected. Visually incorrect latency estimates were not included 

for further analysis. 
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Figure 2.  Example of the 

different analysis methods for 

COP onset latency estimation 

for two different posterior trials. 

Each panel shows the COP time 

series (position), the first 

derivative (velocity), and the 

second derivative (acceleration). 

The solid vertical line across all 

plots indicates the onset of 

platform movement (t = 0 ms); 

the dotted vertical line indicates 

COP onset latency. Panel A 

shows the COP onset latency as 

defined by the first zero crossing 

of the first derivative after the 

initial passive torque. However, 

if this method would be applied 

to the COP time series 

presented in panel B, this would 

lead to a faulty COP estimation, 

therefore the COP onset latency 

is approximated. The two 

methods yielded comparable 

COP onset latencies, i.e. 162 ms 

for panel A, and 161 ms for 

panel B. 
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Statistical analysis 

Not all data could be analyzed. Undetectable EMG latency estimations due to poor-quality 

EMG recordings or no distinctive activation time required certain data to be omitted from the 

analyses (on average 23% of the trials across all three EMG's). To ensure high-quality data for 

this analysis, we only used data from subjects when a minimum of 10 latency estimations could 

be reliably found for a particular perturbation direction. This reduced our data set, but gave the 

highest reliability possible. The number of data points in each analysis is given in Table 1. To 

compare the effects of age on TAL, SOLL, GASL, and COPL we conducted an ANOVA with age 

group as a factor. 

 

Results 

In general, EMG responses were initiated between approximately 20 and 45 ms before COPL 

(Table 1). The COPL for anterior translations was faster than for posterior translations for both 

young and older subjects. No significant difference in TAL between age groups (F (1,11) = 1.5, p 

= 0.244, mean TAL = 119.8 ms) was found. There was also no significant difference between age 

groups for SOLL (F (1,13) = 3.4, p = 0.087, mean SOLL = 122.4 ms). A significant difference 

between age groups was found for GASL (F (1,11)=6.7, p=0.025). Surprisingly, the GASL 

latencies were faster in the older subjects (mean GASL = 115.9 ms) compared to the young 

subjects (mean GASL = 126.0 ms). No significant effect of age could be found on COPL for 

either the anterior (mean COPL = 139.7 ms) or the posterior (mean COPL = 160.0 ms) 

translations, although there was a tendency for an age effect for the anterior translations (F (1,11) 

= 3.8, p = 0.076). 

Initial analysis of the entire data set found that for anterior translations there was a strong 

relationship between TAL and COPL for both young and older subjects (Figure 3, panel A and 

D), which was substantiated by relatively strong Pearson correlations across the entire data set 

(Table 2, racross). Analysis of the relationship using the mean latencies for the subjects showed 

even greater correlations, as is evident in Figure 4(panel A and D) and Table 2 (rmeans). To obtain 

a reliable measure of the average within-subject correlations, Pearson correlations for each 

subject were obtained, which were normalized (Fisher-z or z′), and then averaged across subjects 

for each age group (Table 2: z′). Subsequently, these average z′ scores were then again expressed 
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in a correlation score (Table 2: r′). This method yielded an average within-subject correlation 

between TAL and COPL of 0.667 for young subjects and 0.482 for older subjects. 

 

Table 1.  Mean and standard deviation (in ms) for COP onset latency (COPL) and EMG onset 
latency (EMGL) for the agonistic muscle in response to an anterior (Ant) or posterior (Post) 
platform translation. N represents the number of actual analyzed pairs of COP-EMG data, in 
parenthesis the number of corresponding subjects. 

N EMGL COPL  

 Young Old Young Old Young Old 

Ant TA 167 (8) 101 (5) 114.1 ± 10.4 125.5 ± 20.0 132.9 ± 12.5 146.4 ± 17.2 

SOL 149 (8) 120 (7) 128.3 ± 19.2 116.5 ± 19.0 162.9 ± 19.7 156.7 ± 21.3 
Post 

GAS 124 (6) 120 (7) 126.0 ± 12.8 115.9 ± 12.8 164.9 ± 20.6 155.8 ± 22.1 
 

 

The plantar flexors (GAS and SOL) onset latencies and COP onset latencies across all data, 

and the mean latencies data are presented in Figure 3 and Figure 4 (panels B, C, E, and F); the 

corresponding correlations are presented in Table 2. Note that racross for the plantar flexors and 

COP was less than 0.4, while the rmeans was about 0.7. The average within-subject correlation (r′) 

between SOLL and COPL was slightly higher compared to the correlation between GASL and 

COPL; however, the average within-subject correlations were also lower for both these plantar 

flexors compared to the TA. The differences in r′ between young and old subjects were small. 

The relationship between the plantar flexor latencies (SOLL and GASL) for posterior 

translations showed a moderate linear relationship (Figure 5, panels A and B). The correlation 

across (racross) all data points and subjects was 0.637 for the young and 0.725 for the old subjects. 

Correlations across the means (rmeans) were found to be higher, with 0.839 for the old and 0.901 

for the young subjects (Figure 4, panels C and D). The average within-subject correlations (r′) 

between SOLL and GASL were 0.485 for young and 0.762 for elderly subjects. 
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Table 2.  Pearson-correlations across all subjects and data points (racross), and between all 
subject means (rmeans) he racross scores correspond with figure 3, and the rmeans scores with figure 
4. The Fisher z-scores (z′) are average normalized within-subjects Pearson-correlation scores. 
These scores are converted back in a correlation score (r′) 

racross rmeans z’ r’ 
 

Young Old Young Old Young Old Young Old 

TA-COP 0.782 0.781 0.915 0.961 0.805 0.525 0.667 0.482 

SOL-COP 0.367 0.337 0.725 0.705 0.301 0.254 0.292 0.249 

GAS-COP 0.297 0.330 0.776 0.760 0.127 0.142 0.126 0.143 

  

 

Discussion 

The main purpose of this study was to compare latencies to platform translations estimated 

using EMG techniques to those using the COP. Correlations between agonist EMG and COP 

differed depending upon the direction of perturbation, with higher correlations during anterior 

translations. The lower correlations between the plantar flexor latencies (SOL and GAS) and the 

COP onset latency during the posterior translations suggest that the contribution of two muscles 

creates some variability in this relationship. However, the SOL and GAS onset latencies were 

strongly correlated especially in the elderly. 

Center of pressure onset latencies for anterior translations correspond with the findings of 

Peterka and Black (1990a); however, posterior COP onset latencies are approximately 30 ms 

slower than anterior COP onset latencies. The reason for this difference is not clear. Size and 

speed of the platform translations were comparable. One difference between the studies is that 

the perturbation directions in our study were not blocked. In other words, subjects did not know 

which direction the perturbation would occur, whereas in the Peterka and Black study, 

perturbations were blocked by direction. This could effect the response times and strategies of 

the subjects. The 30 ms differences in the COP onset latency could also be due simply to a 

difference in onset estimation procedure. The age effects seen for the anterior perturbations on 

TA and COP onset latencies were comparable with Peterka and Black. However, for the GAS 

latencies, our results indicated that older subject showed faster EMG onset latencies than 

younger subjects. This differs from the finding of Peterka and Black where small increases in 
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latency with age occurred. This faster latency in EMG could be due to an anticipation difference 

between the age groups under our random direction protocol compared to Peterka and Black's 

blocked protocol. In a previous study of perturbation responses in young and older subjects 

during dual-tasking, we saw the same effect of faster onset latencies in older adults compared to 

young subjects using COP estimates (Redfern et al., 2002). The current results in this single task 

protocol could be related. 

A relatively strong correlation between TA and COP onset latency was found; however, this 

was not the case for the plantar flexors. A rather weak correlation between GAS and COP onset 

latency, and between SOL and COP onset latency was found. A possible explanation for the low 

plantar flexors-COP correlations may be the interaction between the SOL and GAS. Contrary to 

an anterior translation, which can largely depend solely on the TA to counteract the perturbation, 

the posterior translation has a larger dependency on both the SOL and the GAS to in response to 

a perturbation. This co-activity leads to a less clear relationship between the EMG onset for the 

plantar flexors and the COP onset. However, a higher interdependency should lead to higher 

correlations between SOL and GAS. Indeed, our result indicated a very high correlation for 

elderly subjects and a moderately high correlation for young subjects between SOL and GAS. 

Noteworthy is the slightly higher correlations for the SOL–COP onset latencies as compared to 

the GAS–COP onset latencies. This may indicate that the contribution of the GAS in the 

recovery of a posterior translation is less than the contribution of the SOL. Furthermore, the 

correlation between SOL and GAS is lower for young subjects than for old subjects. It could be 

that younger subjects have a slightly different approach towards recovery from posterior 

translations, and rely more on hip and/or upper torso strategies. This would cause a weaker 

correlation between the measures. A similar point could be made for the elderly subjects in 

response to anterior translations. 

In conclusion, COP latencies were well correlated with TA latencies during forward platform 

translations, suggesting that the two measures can be used equivalently to explore temporal 

changes in the postural control system to forward perturbations. The correlations between the 

plantar flexor muscle latencies (SOL and GAS) were fairly high, suggesting that both muscles 

could be used to estimate latency of muscle activation response. However, the variability 

induced by having two muscles with different properties contributing to a biomechanical 

response to a posterior platform translation leads to reduced correlation between the EMG's and 
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COP onset latencies. It is important to realize that in the study of upright postural control muscle 

synergies are in effect, and that measures cannot be seen as independent from each other. 

Correlations between the different postural parameters are important to report, in order to fully 

understand the functional relationship between the postural parameters, and to come to a 

complete understanding of postural control. 
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Figure 3.  Scatter plots of (agonist) EMG onset latency vs. COP onset latency for the young 
(panel A–C) and elderly (panel D–F). The TA is considered the agonist muscle for an anterior 
translation (panel A and D). The SOL and GAS are the agonists in a posterior translation (panel 
B, C, E, and F). Each point represents an individual trial. 
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Figure 4.  Mean and standard deviation of COP and (agonist) EMG onset latencies for each 
subject (panel A–C: young subjects; panel D–F: elderly subjects). Data for the anterior 
translation is presented in panel A and D, data for the posterior translation is presented in panel 
B, C, E, and F 
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Figure 5.  Scatter plots of SOLL vs. GASL for posterior translations for across all data for young 
(panel A) subjects (N=100; five subjects), and elderly (panel B) subjects (N=74; five subjects). 
Note the apparent strong linear relation between SOLL and GASL. However, as can be seen, and 
similar to results shown in Figure 2 and Figure 3, this strong correlation is due to high 
correlation of the subject means (panel C: young subjects, and panel D: old subjects). 
Correlation scores were normalized to come to a valid conclusion. 
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Chapter 4 

Attentional dynamics in postural control during 

perturbations in young and older adults 

 

Abstract 

Temporal dynamics of attention during postural perturbations in young 
and older adults were investigated. Nineteen young and older subjects 
performed simple reaction time tasks during translational platform 
perturbations. Auditory or visual stimuli were presented randomly at 
delays from the onset of the platform perturbation. Reaction time was 
slowed before and during the platform movement, particularly in older 
subjects. Reaction times to stimuli presented at a 250-millisecond delay or 
later were not influenced by perturbation. The reaction times to the 
auditory stimuli were influenced more by perturbation than were those to 
visual targets. The postural response was unaltered by the presence of the 
reaction time task, but it differed between groups. Attention is engaged in 
response to a perturbation during the preperturbation time and during the 
initiation of the postural response in young and older adults. Sensory 
selection occurs in young and older adults, but to a greater degree in older 
subjects. 

 

Introduction 

Several recent studies have investigated the role of attention in postural control by using the 

dual-task paradigm, examining the interference between a cognitive task and a balance task. 

Different cognitive tasks have been used in combination with standing and walking, including 

mental arithmetic (Brown, Shumway-Cook, & Woollacott, 1999; Stelmach, Zelaznik, & Lowe, 

1990), visuospatial tasks (see e.g., Kerr et al., 1985), reaction time tasks (see e.g., Redfern, 

Jennings et al., 2001; Teasdale & Simoneau, 2001), and word recall (see e.g.,Lindenberger, 

Marsiske, & Baltes, 2000). As challenge is varied in one task, the amount of interference created 

in the other task is thought to reflect the degree of attention required to perform the task. The 

studies, taken together, have shown minimal interference between cognitive tasks and postural 

control during quiet standing on a fixed support surface; however, as postural challenge 



Chapter 4 

- 50 - 

increases, increasing attentional processing appears to be required. 

Normal aging appears to result in increased attentional requirements for balance during 

standing (Brown et al., 1999; Kerr et al., 1985; Maylor & Wing, 1996; Redfern, Jennings et al., 

2001; Shumway-Cook, Woollacott, Kerns, & Baldwin, 1997; Stelmach, Teasdale, Di Fabio, & 

Phillips, 1989; Stelmach et al., 1990; Teasdale et al., 1992; Teasdale et al., 1993; Teasdale, 

Stelmach, & Breunig, 1991). Recently, other studies have found attentional influences on 

locomotion as well, particularly in older subjects (Chen et al., 1996; Lajoie, Barbeau, & 

Hamelin, 1999; Lajoie et al., 1996; Lindenberger et al., 2000; Mulder, Berndt, Pauwels, & 

Nienhuis, 1993). This consistent aging effect may be part of a more general phenomenon of 

“age-associated permeation of behavior with cognition” (Lindenberger et al., 2000). Thus, age-

related changes in sensory and motor function appear to increase the requirement for cognitive 

regulation of sensorimotor processes. However, it is still unclear exactly how attention is being 

used in postural control, and what specific actions are most influenced by aging. 

Only recently have studies begun to address attentional allocation during postural tasks 

involving reactions to postural perturbations (Brauer, Woollacott, & Shumway-Cook, 2001; 

Brown et al., 1999; Maki, Norrie et al., 2001; Rankin et al., 2000). Two similar studies by Brown 

and colleagues (1999) and by Rankin and colleagues (Rankin et al., 2000) examined the 

attentional demands on recovery from a horizontal anterior platform translation during a 

cognitive task (counting task) in healthy young and older subjects. The counting task was 

initiated before the perturbation and continued throughout the perturbations. Brown and 

colleagues found an increase in counting time immediately after perturbation in young and older 

subjects, suggesting that there was some competition for attention during the recovery process 

from the perturbation. Minimal effects of the cognitive task on the postural strategy types used 

(ankle, hip, and stepping) were found. However, within postural strategies, the cognitive task did 

influence posture in the older subjects. These results suggest that attentional requirements vary 

with sensorimotor requirements within a particular response. Brauer and colleagues (Brauer et 

al., 2001) also examined postural recovery with a dual task and found that a postural response to 

a perturbation required attention in healthy older subjects and young subjects similarly, whereas 

balance-impaired elderly subjects showed greater attentional requirements. Although these 

studies indicate that attention is utilized during postural perturbations, the dynamics of this 

process could not be determined because of the lack of temporal resolution in the cognitive task 
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and because the cognitive task was always engaged prior to the perturbation response. 

The aim of this present study was to investigate the temporal dynamics of attention during 

postural recovery in older and young adults by using a dual-task paradigm with reaction time 

tasks as the information-processing component. Portions of these data have been presented in 

abstract form (Müller, Redfern, Jennings, & Furman, 2001; Redfern, Müller, Jennings, & 

Furman, 2001). 

 

Methods 

Subjects 

Nineteen healthy young adults, 11 women and 8 men, mean age 23.5 (SD 3.2) years, and 19 

healthy older adults, 9 women and 10 men, mean age 78.8 (SD 3.4) years (range 73–85 years), 

with no history of vestibular or neurological disorders, participated in this study. All subjects 

were screened for normal vestibular function through caloric and rotational testing (Furman & 

Cass, 1996) and completed a neurological examination (by J. Furman) prior to enrollment. Other 

inclusionary criteria for the subjects were normal scores on functional abilities tests performed 

by a physical therapist, including a score of greater than 21 on the Physical Performance Test 

(Reuben & Siu, 1990), a timed up-and-go score of less than 26 s (Podsiadlo & Richardson, 

1991), and a Sickness Impact Profile score of less than 6 (Schuling, Greidanus, & Meyboom-de 

Jong, 1993). Hearing tests were performed to test for normal thresholds, including pure tone 

thresholds greater than the 90th percentile (at 1, 2, 4, 6, and 8 kHz) based on data from Robinson 

and Sutton (Robinson & Sutton, 1978). Older subjects were also given the Mini-Mental State 

Examination (Folstein, Folstein, & McHugh, 1975) and were required to have a score of greater 

than 23 to be included in the study. 

Informed consent was obtained prior to any participation. This study was approved by the 

Institutional Review Board of the University of Pittsburgh. 

 

Instrumentation 

The instrumentation consisted of a posture platform (Equitest, Neurocom, Inc., Clackamas, 

OR) that provided translational perturbations of the floor. The platform movements were 

translations of 0.64 and 3.17 cm, with durations of 150 and 250 milliseconds, respectively. A 
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harness was used to prevent falling. The harness did not inhibit movement during the 

perturbation. For the reaction time (RT) task, subjects pushed a handheld microswitch button in 

response to either a visual stimulus (green light emitting diode in front of the subject at eye level) 

or an auditory stimulus (1000-Hz tone). The 1000-Hz tone was presented for 1 second at 60 dB 

through headphones. The timing of the movement of the platform and the presentation of the RT 

stimulus was controlled by a computer. RT data were collected from the button push. Postural 

data were collected from force plates. All data were digitally recorded at a sampling rate of 1000 

Hz. 

 

Procedure 

The independent variables in this study were perturbation size, perturbation direction, time 

interval between the perturbation onset and the RT stimulus, and the sensory modality of the RT 

stimulus. The two perturbation sizes used were 0.64 and 3.17 cm, and they were blocked. The 

perturbation direction (forward or backward) was randomly chosen during the trials. The time 

intervals (δ) between the RT stimulus and platform movement initiation were -100, 0, 100, 250, 

500, 750, and 1000 milliseconds. For δ = -100 milliseconds, the RT stimulus occurred prior to 

platform movement. At δ = 0 milliseconds, the stimulus and platform movement initiation 

occurred simultaneously. For positive δ, the RT stimulus occurred after platform movement 

began. Platform movement was completed within 250 milliseconds; therefore, stimuli at δ = 100 

milliseconds occurred during the floor movement and δ ≥ 250 milliseconds occurred after floor 

movement. The RT tasks were simple RT responses to two sensory modalities: auditory or 

visual. The sensory modality was also blocked so that only visual or auditory stimuli were 

presented within each block. 

One practice session was given on a separate day before data collection began. The practice 

session included both visual and auditory RT tasks while the subjects were seated. The subjects 

then stood on the posture platform during perturbations to become acquainted with the platform 

translation. Finally, the subjects practiced performing the RT tasks during perturbations at δ = 0 

milliseconds. Thus, subjects were fully acquainted with the protocol, including the magnitude of 

the perturbations and the combination of perturbations and RT tasks. Subjects were told to 

respond as fast as possible to the RT stimulus while maintaining balance. Each subject was 

required to correctly respond to the stimulus in greater than 90% of the practice trials to continue 
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to the data collection phase. 

During data collection trials, the experimental protocol was administered over three sessions, 

each on separate days. Data collection trials consisted of four blocks of 57 RTs: 48 experimental 

trials and 9 catch trials. Of these 9 catch trials, 6 were postural catch trials, in which a postural 

perturbation occurred but no RT stimulus was presented. The other three trials were RT catch 

trials without a perturbation, but with a RT event. These catch trials were included to prevent 

predictability and increase alertness. The blocks were as follows: 0.64 cm perturbation with 

visual RT task, 0.64 cm perturbation with auditory RT task, 3.17 cm perturbation with visual 

task, and 3.17 cm perturbation with auditory task. Presentation of the four blocks was 

randomized within days. Within each block, the delay times between the onset of perturbation 

and the RT stimulus were randomly varied among the seven chosen delays (δ). The inter-

stimulus time was randomly selected to be between 2 and 4 seconds. Three minutes of seated rest 

was provided between trials to reduce fatigue. 

 

Data Analysis 

The dependent variables were RTs and latency of the postural response to the perturbation. 

The RTs were computed as the difference between the onset of the stimulus (auditory or visual) 

and the activation of the button. The latency of postural response was estimated by using center 

of pressure (COP) recordings. The COP time series were analyzed to find temporal and 

magnitude characteristics of the response, including the initial latency of response (TL), the time 

from initial active response to the maximum COP response (T1), and the amplitude of the 

response (Amax - A1). Figure 1 illustrates how these values were computed for a representative 

COP trace. The latencies were determined by finding the first maximum of the second derivative 

of the COP signal after platform movement. The first change in acceleration response after that 

point was marked TL; T1 was marked as the first relative maximum of the COP response after 

onset of the active response. Both TL and T1 were plotted and visually checked for correctness. 

Statistical analyses were performed by using repeated measures analysis of variance with 

subjects nested within age groups. A significance level of α = 0.05 was used throughout the 

analyses. Logarithmic transformations were performed prior to analysis to normalize the 

distributions of the RTs. Post hoc comparisons were made for significant multiple-level 

variables. 
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Figure 1.  Center of pressure (COP) response to platform translation for an older subject. The 
COP trace was parameterized as follows: initial latency of response (TL), time from initial 
response to maximum COP response (T1), amplitude at initial response (A1), and maximum 
amplitude of response (Amax) 

 

Results 

Reaction Times 

RT was influenced by main effects of age (F = 28.0; p < .001), δ (F = 98.4; p < .001), 

stimulus modality (F = 109.7; p < .001), and perturbation size (F = 72.0; p < .001). Perturbation 

direction did not influence the RTs. The interactions that significantly affected RT were Age x 

Size (F = 20.3; p < .001), δ X Modality (F = 26.7; p < .001), δ x Size (F = 10.9; p < .001), and 

Age x δ x Size (F = 5.1; p < .001). As expected, overall, the older subjects had longer RTs 

compared with the young, and RTs were longer for the visual stimulus compared with the 

auditory (Figure 2). Age also modulated the influence of the time delay (δ) between perturbation 

and stimulus on the RT measure, that is, the three-way interaction. The RTs were greater before 
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the perturbation occurred (δ = -100 milliseconds) compared with those after the perturbation was 

completed (250 milliseconds and beyond; p < .001). Perturbation size had an effect on the RT for 

δ = 0 and δ = 100 milliseconds (p < .01), and this size effect was larger for the older subjects 

than for the younger subjects (p < .001). 
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Figure 2.  Reaction times (RTs) as a function of delay, and perturbation size for young and older 
adults. The top panel shows RTs for the auditory task; the bottom panel shows RTs for the visual 
task. Error bars are SE. 

 

The significant interaction of δ and stimulus modality indicated that the RTs for visual 

stimulus were affected by the delay time differently than the RTs for the auditory stimulus. This 

effect was greatest during the postural perturbation. For δ = 100 milliseconds, auditory RT 

increased and visual RT decreased compared with RT values at δ = 0 milliseconds in both the 

young and older subjects (Figure 3). The auditory RTs at δ = 100 milliseconds were actually 
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greater than the visual RTs.  
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Figure 3.  Reaction times (RTs) previously presented in Figure 2 are rearranged to show the 
responses to the two sensory modalities on the same plot for young and older subjects. Note that 
the auditory RTs at δ = 100 milliseconds increase whereas the visual RTs decrease; this was true 
for both large and small perturbations. For the young subjects, auditory RTs at δ = 100 
milliseconds are actually greater than visual RTs. 

 

Postural Responses  

A repeated measures analysis of variance was performed for the variables associated with the 

postural response to the perturbation estimated from the COP time series (TL, T1, and Amax - A1). 

Each variable was investigated independently, with all primary independent variables (age, 

perturbation size, direction, RT modality, and δ) and first- and second-order interactions included 

in the model. The results of this analysis showed no effect of delay time (δ) or any interaction of 

δ with the other independent variables on any of the postural variables. Thus, we refuted our  
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hypothesis that the activation of 

postural response would be 

delayed during a concurrent RT 

task compared with after the RT 

task was completed. There was 

also a Size x Direction interaction 

effect on TL (F = 4.38; p < .037), 

with the larger perturbation 

initiating a longer latency than the 

small perturbation for the 

backward direction. There was no 

perturbation size effect for 

forward perturbations. 

Age of the participants altered 

the latency and amplitude of the 

COP response. The latency to 

response (TL) was shorter in the 

older adults compared with the 

young (F = 8.76; p = .005) 

(Figure 4). The time from the 

initial active response to the peak 

of the COP response (T1) was 

affected by age (F = 33.0; p < 

.001), direction (F = 10.0; p < 

.002), and the interaction of Age x 

Size (F = 22.6; p < .001). Older 

subjects had faster T1 responses, 

particularly for the smaller 

perturbations (Figure 4b). 
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Figure 4.  Postural response measures for small (0.64 
cm) and larger (3.17 cm) perturbations: Top panel, 
latency of center of pressure (COP) response (TL); 
Center panel, time from first active COP response to the 
maximum COP (T1); Bottom panel, magnitude of the 
COP response (Amax - A1). Error bars are SE. 
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perturbations compared with forward perturbations in both young and older subjects. The 

magnitude of active COP response (Amax – A1) was affected by age (F = 6.81; p = .01), size (F = 

787; p < .001), Age x Size (F < 37.5; p < .001), Size x Direction (F = 13.1; p < .001), and Age x 

Size x Direction (F = 28.5; p < .001). Older subjects had a greater response than young subjects 

for both perturbation sizes, with a greater increase in response during the large perturbation. 

Backward perturbations elicited greater responses compared with forward perturbations, 

especially for the older subjects. 

 

Discussion 

We found that age modulated the interference between a postural recovery to a perturbation 

and a simple RT task. Performance of a RT task was influenced by perturbation size before and 

during the perturbation, particularly in older subjects. The perturbation size did not affect RT at 

or beyond 250 milliseconds after initiation of platform movement. The postural response to the 

perturbation was sensitive to age and perturbation size, but it was not influenced by the presence 

of a concurrent RT task. Larger perturbations had a more significant impact on attention to the 

concurrent RT task in older relative to younger adults.  

The influence of the postural perturbation on RT for delay times shorter than 250 

milliseconds suggests that there is a shift of attention while a response to a perturbation is made. 

In addition, the size of the perturbation appears to influence the level of attention to the 

perturbation response, with increasing attention for the perturbation with increased size. The 

interference of the postural task on RT dissipated by 250 milliseconds after the perturbation. 

These results suggest that there is a rapid attentional dynamic during postural recovery. In the 

preparation and execution of the postural response, attention is focused on identifying the 

sensory cues associated with the perturbation and to executing the appropriate postural motor 

response. Once the postural response has been executed, an attentional shift away from the 

postural task to the RT task occurs. Because perturbation size was presented in blocks, subjects 

could gauge in advance the proper response magnitude to the perturbation. However, direction of 

the perturbation was randomly presented within blocks of trials. This resulted in a choice 

between two motor programs: one for a forward perturbation and one for a backward 

perturbation. The process of determining the proper motor program and executing that program 
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appeared to require attention within 250 milliseconds of the initial perturbation. 

Young and older subjects seem to have the same temporal attentional dynamic, because both 

groups showed no perturbation size effect on RT for delays of 250 milliseconds and beyond. 

Aging does appear to alter the degree of attention to the perturbation during preparation and 

execution of the response. Older subjects appear to have increased attention to the execution of 

postural response; however, the temporal dynamics of that response are rapid in both age groups.  

The attentional dynamics during the postural response were affected by the stimulus modality 

of the RT task. The auditory RT task appeared to suffer from increased interference more than 

the visual RT task. This influence emerged in the preperturbation responses (δ = -100 

milliseconds) and was marginally stronger among older participants. Perturbation size had a 

greater effect on auditory RT compared with visual RT. This sensory modality effect is contrary 

to our original hypothesis that there would be greater interference in visual RT response during 

the perturbation because the visual system is used in postural control. Instead, a facilitation of 

visual RT responses occurred. This may be due to specific attentional influences on sensory 

selection, with a reduction of auditory attention, a facilitation of visual attention, or both. This 

modulation of attention could serve to facilitate vision because visual information is used in the 

postural control response whereas audition is not. Concurrent with a visual facilitation, a 

“filtering” of auditory sensation could also occur because this sensory information is not 

believed to be primary in postural control during a perturbation. This apparent sensory selection 

persisted through the 100-millisecond delay; the auditory RT response was significantly slowed 

compared with the visual RT. The stimulus presented at δ = 100 milliseconds occurred during 

the platform movement, but before the COP response was initiated. Thus, there is greater 

potential for interference at this time. This sensory modality effect is consistent with the 

argument that sensory facilitation or filtering may be occurring.  

The performance of the RT task did not alter the postural response in either young or older 

subjects, suggesting that attention to the postural task was primary in this dual-task perturbation 

paradigm. The motor responses for these postural tasks were invariant to the delay times between 

the RT stimulus and perturbation, again suggesting that postural control is primary. This result is 

consistent with the findings of Rankin and colleagues (2000), who showed that 

electromyographic onset latencies of the postural muscles during perturbations did not vary 

under dual-task conditions of mental arithmetic. Brauer and colleagues (2001) also found no 
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effect of a dual task on postural response to a perturbation in healthy older adults when the 

postural task was primary. However, the primacy of postural recovery seen in the present study 

and by Rankin and colleagues and by Brauer and colleagues may not generalize to all situations. 

Some standing postural studies have shown an interference of information-processing tasks on 

sway (Maylor et al., 2001; Shumway-Cook & Woollacott, 2000), particularly in older adults 

(Redfern, Jennings et al., 2001; Teasdale et al., 1991). Thus, cross interference of information-

processing tasks on balance has been demonstrated. This same interference could possibly take 

place in a perturbation response under the right conditions. For example, postural conditions that 

have a low probability of a perturbation may not have the same primacy of attention, particularly 

if they are coupled with an engaging and complex information-processing task. These conditions 

would probably be more representative of an unexpected slip or loss of balance that occurs in 

activities of daily living that may show an attentional effect on perturbation responses. In 

addition, the results of Brauer and colleagues indicate that postural response to a perturbation is 

altered by a cognitive dual task in balance-impaired elderly subjects, even when the postural task 

is primary. Thus, the impact of attention on postural recovery to a perturbation is probably 

context specific and dependent on the health of the postural control system as well. 

Compared with young subjects, older subjects had faster postural responses to perturbations. 

The COP latencies were shorter and the magnitudes of the COP response were larger for the 

older subjects. This may reflect an increased focus of attention on the upcoming perturbation in 

the older subjects. Although the postural task appeared to be primary in both groups, the older 

subjects may have placed a greater priority on the postural response. This is an interesting 

observation given that older individuals are typically slower rather than faster while performing 

tasks. The size of the perturbations may have been a factor. Older subjects may perceive more 

risk from these small perturbations than young subjects. If larger, more challenging perturbations 

would be used, similar responses between the two populations may occur. Clearly, further work 

will be necessary to separate attentional effects from aging effects on COP adjustments. 

The rapid shift of attention found in this experiment differs from the recent perturbation 

study of Maki and colleagues (2001). They used a continuous visual tracking task as the 

cognitive task and used the time at which tracking failed after the perturbation as an indication of 

when attention switched to the postural task. They found that tracking was paused or deviated at 

480 milliseconds (SD 187) after the perturbation. This latency was after the initial postural 
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response that occurred at around 144 milliseconds. Their interpretation of this result was that the 

initial postural response, termed the “automatic postural response,” was indeed automatic and did 

not require a shift of attentional processes; rather, attention was involved in later postural 

adjustments. The delay between the postural perturbation and the change in the tracking task 

found by Maki and colleagues may not accurately reflect when the attentional shift occurred 

because of the anticipatory motor programming typical in such tracking tasks. That is, a feed-

forward or predictive component presented in the tracking task may have delayed the appearance 

of a tracking error despite interference between underlying attentional processes during the 

perturbation response. The differences between these two experiments must be further explored 

to determine if the attentional dynamics are influential in the initial response, as suggested in this 

study, or if there is indeed an initial “automatic” component that does not require attention. The 

differential influence of age on recovery and the automatic components of the posture response 

will then become of central interest. 
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Chapter 5 

Effect of preparation on dual-task performance in postural 

control 

 

Abstract 

The authors applied an overlapping-task design to study the interaction 
between postural control and cognitive task processes in young (n = 10) 
and older (n = 10) adults. A rapid destabilizing floor translation was 
followed at specific time intervals by a simple auditory reaction time (RT) 
task. The translations were preceded by either an informational cue or no 
cue. Interference between postural task demands and the RT task was 
found only in the first 50 ms. Cueing also had an effect on both the onset 
of the postural recovery response and RT performance. The results suggest 
(a) only a brief interference between postural and cognitive processing 
demands in relatively easy tasks, (b) competition for a common central 
mechanism, possibly a response-selection mechanism, and (c) no 
differential impact of aging on that interaction. 

 

Introduction 

In dual-task experiments, interference occurs when a postural challenge is presented 

concurrently with an information-processing task. To assess that interference, researchers have 

applied a diverse mixture of cognitive tasks and postural manipulations. Cognitive tasks used 

include, among others, (visuospatial) memory tasks (Andersson, Yardley, & Luxon, 1998; Dault, 

Frank, & Allard, 2001), silent arithmetic tasks (Andersson, Hagman, Talianzadeh, Svedberg, & 

Larsen, 2002), verbal arithmetic tasks (Rankin et al., 2000), and reaction time (RT) tasks (Brauer 

et al., 2001; Redfern, Jennings et al., 2001; Shumway-Cook & Woollacott, 2000; Teasdale & 

Simoneau, 2001). Investigators have manipulated upright stance by altering the base of support 

(Dault, Frank et al., 2001), varying sensory inputs (Andersson et al., 1998; Redfern, Müller et al., 

2001; Shumway-Cook & Woollacott, 2000; Teasdale & Simoneau, 2001), and perturbing stance 

(Andersson et al., 2002; Brauer et al., 2001; Rankin et al., 2000). 

Of special interest within the attention and posture literature is the effect of age on that 



Chapter 5 

- 64 - 

interaction. Because age has an effect on cognitive (Birren & Fisher, 1995; Cerella & Hale, 

1994; Hartley) as well as postural (e.g., Maki & McIlroy, 1996; Peterka & Black, 1990a, 1990b) 

parameters, a detrimental interaction between postural control and attention in elderly people 

might be expected. That prediction has been confirmed in numerous studies (e.g., Brauer et al., 

2001; Brown et al., 1999; Marsh & Geel, 2000; Melzer, Benjuya, & Kaplanski, 2001; Rankin et 

al., 2000; Redfern, Jennings et al., 2001; Shumway-Cook et al., 1997; Stelmach et al., 1990).  

Typically, cognitive task performance and postural parameters are assessed concurrently over 

a prolonged time, varying from, say, 20-s trials (Andersson et al., 2002; Andersson et al., 1998) 

up to 3-min trials (Redfern, Jennings et al., 2001). Although results within the continuous dual-

task design are not entirely consistent, researchers have found that the demands of a postural task 

tend to reduce cognitive task performance, and, to a lesser extent, cognitive task demands reduce 

postural task performance. According to Woollacott and Shumway-Cook (2002), the interaction 

between cognitive and postural task demands is a consequence of limited capacity. Their 

interpretation closely resembles the capacity theory of dual-task interference as postulated by 

Kahneman (1973), in which capacity is viewed as a unitary source, and the efficiency of either 

task is dependent on the amount of capacity allocated to that task. The concept of capacity, 

however, has often been amended, and variations such as multiple resources have been proposed 

(Navon & Gopher, 1979). Although capacity or resource models that can account for postural 

dual-task effects are intuitively appealing, alternative explanations are possible. 

Recently, the temporal aspects of cognitive interference on postural control have been 

investigated. McIlroy et al. (1999) showed that a sensorimotor tracking task is only briefly 

delayed by an ongoing postural task but is resumed afterward. Redfern, Muller, Jennings, and 

Furman (Redfern et al., 2002) also demonstrated that intermittency. In their experiment, RT 

probes were presented before (100 ms) and after (100, 250, 500, 750, and 1,000 ms) a postural 

translation. RTs were increased only when the RT probes were presented shortly before (100 ms) 

and after (100 and 250 ms) the translation. After 250 ms, postural task demands did not interfere 

with cognitive task demands, and RTs stabilized. Thus, the processing demands of the postural 

and cognitive tasks may interact not continuously but only intermittently, and the effect may be 

transient. Both postural control and speeded response tasks can be characterized by the same 

general processing mechanisms, that is, sensory sensation, central processing, and selection of 

appropriate motor responses (Redfern, Jennings et al., 2001). The transient interference may be 
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caused by a simultaneous requirement of both postural and cognitive tasks for a processing 

mechanism that can be exclusively available only to one task. The increase in RT would then 

reflect a postponement caused by limited access to certain processing mechanisms rather than a 

division of capacity.  

That alternative view of dual-task interference is often referred to as a single-channel or 

bottleneck model. In that model, attention is defined as "an emergent property or epiphenomenon 

of the fact that when various stimulus representations 'compete' for processing 'resources,' one of 

them will 'win'" (Fernandez-Duque & Johnson, 2002, p. 158). Investigators often test the validity 

of the single-channel model by applying an overlapping-task design. In that paradigm, two tasks 

are presented consecutively, separated by a small time interval, termed the stimulus onset 

asynchrony (SOA), and participants are required to make a speeded reaction to each of the tasks. 

Typically, an increase in RT to the second stimulus (RT2) at brief SOAs is found in such studies. 

With an increase in SOA, RT2 decreases to a certain value, where it remains stable. RTs to the 

primary task (RT1) are usually relatively unaffected at each of the SOAs (Figure 1). That effect 

on RT2 is often referred to as the psychological refractory period (or the PRP) effect. 

Single-channel advocates (e.g. Smith, 1967; Welford, 1952, 1980) have attributed the SOA-

effect results to the inability of a (central) processing mechanism that is required by both tasks to 

handle more than one stimulus at a time. It has been argued that the central mechanism is 

involved in stimulus-response (S-R) mapping, termed the response-selection mechanism (Karlin 

& Kerstenbaum, 1968; Pashler & Johnston, 1989; Smith). Thus, response-selection for the 

second stimulus (S2), which is presented shortly after the first stimulus, (S1) cannot start until 

the mechanism has completed the processing of the first task. Whereas other stages of 

processing, such as sensory-perceptual and response-execution processes, can proceed in parallel 

for the two tasks, the response-selection mechanism will create a bottleneck, resulting in a 

response postponement for the second task. Theoretically, at small SOAs, the postponement 

leads to a characteristic RT2 curve with a slope of -1 (see Figure 1), indicating that further 

reduction in SOA will lead to an increase in RT for the second task. At longer SOAs, the 

response postponement disappears, because the second task requires the response-selection 

mechanism after the primary task has already finished that stage of processing. 
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Figure 1.  Theoretical response time curves as expected for a single-channel model in an 
overlapping-task design experiment. Note that at short stimulus onset asynchronies (SOAs), the 
slope of the RT2 curve is -1. RT1 and RT2 = reaction time to the first and second stimulus 
respectively. 

 

Although the results of a substantial amount of research support the bottleneck model (e.g., 

Pashler, 1994), some of the model's predictions have not been supported. For example, RT2 

should not be affected if S1 is occasionally omitted. However, Gottsdanker (1979) showed that 

RT2 still was lengthened on trials in which S1 was omitted, and he attributed that effect to the 

inability to be prepared for two stimuli simultaneously. Task preparation refers to a process in 

which some task-relevant procedure is completed before the performance of the task. Efficient 

task preparation has been attributed to facilitation of later stages of task processing (Frowein & 

Sanders, 1978). The efficiency of task preparation depends on variables such as the nature of the 

expected imperative stimulus, the complexity of the required response, and participant 

instruction. Providing advance information by means of a cue on the specifics of a required 

response to a probe can enhance task performance. Rosenbaum (1980), for example, showed in a 

single-task experiment that response times were reduced when participants were cued on specific 

parameters (e.g. direction and amplitude) of an arm movement. The same effect might be 

anticipated in postural control; however, previous work on the effect of advance information on 
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balance recovery after a postural challenge has led to ambiguous results. McChesney, Sveistrup, 

and Woollacott (1996) showed that both direction-specific and nonspecific advance information 

about an impending translation led to significant reduction of the onset latency of both the 

tibialis anterior and the gastrocnemius muscles. Providing advance information on the magnitude 

dimension of the forthcoming movement led to an anticipatory forward lean, irrespective of the 

actual magnitude of the postural perturbation (Maki & Whitelaw, 1993). In contrast, Diener, 

Horak, Stelmach, Guschlbauer, and Dichgans (1991) found no advantageous cueing effects on 

postural measures among healthy participants, cerebellar patients, and Parkinsonian patients 

when they were cued, alone or in combination, on the amplitude or direction of a platform tilt. In 

short, empirical results to date have not shown conclusively whether advance information has a 

positive effect on postural response latencies. Differences in method may account for those 

discrepancies (see McChesney et al., 1996). 

Similar to our previous experiment (Redfern et al., 2002), in this experiment we applied the 

overlapping-task design to study the dynamics between postural and cognitive task demands 

during perturbations. The design is distinguishable from other designs because it enables one to 

directly examine distinct stages of processing of two consecutive tasks. In other designs, such as 

those in which a spatial secondary task is used, the focus is less on the timing of interference 

between specific stages of processing and more on specific types of interference that may 

uniquely influence balance. However, the merit of both types of cognitive tasks is indisputable 

and will contribute to a better understanding of the interaction between attention and posture. 

Our specific purpose in this experiment, however, was to determine if the interaction between 

postural and cognitive processing demands is consistent with a response-selection bottleneck and 

to assess the effect of task preparation on the bottleneck. Furthermore, we examined if there were 

any fundamental differences in task processing between young and elderly participants. 

We perturbed a participant's stance by using a platform translation, and we then presented, at 

a random SOA, an auditory probe (the cognitive task) that required a quick reaction (button-push 

response). Preceding the postural translation, we presented either no cue at all or a cue that 

provided directional or temporal information on the upcoming platform translation. Our 

dependent measures were RT to the auditory probe and center of pressure (COP) onset latency of 

the active recovery response to the perturbation. We predicted that cognitive task processing in 

all three cueing conditions would be subject to a central bottleneck, resulting in increased RTs at 
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short SOAs compared with RTs at longer SOAs. However, COP onset latency, that is, RT1, 

would not be altered as a function of SOA. In addition, we predicted an effect of cueing on both 

cognitive task performance and postural parameters. Providing either a directional cue or an 

alerting cue for postural translation should cause an increase in task preparedness for the postural 

task. The change in preparedness would decrease the temporal demands on central mechanisms 

required by the first task and, as a consequence, reduce the central postponement for the second 

task. Thus, we expected a decrease in COP onset latency and a decrease in RT (Figure 2) for 

both directional and alerting cueing conditions as compared with the no-cue condition. 

Finally, the aging-interaction effect in attention and posture is often attributed to an overall 

decline in elderly persons' resources or processing capacities (e.g. Brauer et al., 2001; Brown et 

al., 1999; Rankin et al., 2000). However, changes in task processing by the elderly that are 

fundamentally different from those of young people could also cause the decline. Hartley and 

Little (1999) showed, however, in an overlapping dual-task design that the elderly are subject to 

the same constraints as the young and that any slowing is the result of a generalized slowing. 

Therefore, we predicted only a generalized slowing of response in the elderly participants on 

both COP onset latency and RT in dual-task conditions. 

 

Methods 

Participants 

Participants were 10 young adults (5 women and 5 men; age range = 21-28 years, M = 24.2 ± 

2.3 years), and 10 elderly persons (6 women and 4 men; age range = 75-82 years, M = 78.4 ± 2.3 

years). Before enrollment, we screened all participants for normal vestibular function by using 

caloric and rotational testing (Furman & Cass, 1996) and completed a neurological examination. 

All participants had normal or corrected-to-normal vision. We obtained informed consent before 

any participation. The Institutional Review Board of the University of Pittsburgh approved the 

study. All participants received payment for participation. 

 



Effect of preparation on dual-task performance in postural control 

- 69 - 

Cue

preparation

SOA

A1 B1 C1

B2 C2

S1

A2

S2

postponement

R1

R2

 

Figure 2.  The single-channel model predictions for dual-task processing in the present 
experiment. The postural task stimulus (S1) is subjected to sensory-perceptual processes (A1), 
stimulus-response mapping (B1), and response execution processes (C1) that consequently lead 
to a response (R1). After a certain stimulus onset asynchrony (SOA), the auditory RT probe (S2) 
is presented. The probe is characterized by the same sequential processing stages as is S1. 
Sensory-perceptual processing of that probe (A2) can take place in parallel with processing 
stages of S1. However, stimulus-response mapping of the RT probe (B2) is postponed until the 
completion of the same process for S1. We hypothesized that one can facilitate postural task 
preparation by presenting valid advantageous information before the first stimulus (Cue). 
Accordingly, the facilitation would reduce the temporal demands of S1 on B1, and, as a result, 
would reduce the central postponement for S2. The latter, in turn, would result in faster 
responses for both S1 and S2. 

 

Instrumentation 

Participants stood on an Equitest posture platform (Neurocom, Inc., Clackamas, OR) that 

provided anterior and posterior horizontal translations of 3.17 cm. The movement required about 

250 ms, with maximum velocity attained at about 50 ms and deceleration of the force plates at 

about 200 ms. At the end of each probe, the platform slowly returned to initial position, which 

marked the end of a trial. Throughout the experiment, we instructed participants to position their 

feet approximately shoulder width apart and to cross their arms in front of their body. We used a 

safety harness to prevent falling. However, the harness did not inhibit movement during the 

perturbation. 
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For the RT task, participants pushed a microswitch button in response to a 1000-Hz tone. 

Before starting the task, we ensured that all participants held the microswitch in the same 

manner, that is, in the dominant hand, with the thumb placed on top of the button, poised to press 

it. The auditory stimulus was presented through ear-insert headphones (Model ER2, Etymotic 

Research, Elk Grove Village, IL) at an intensity of 85 dB for 1 s. The tone was superimposed on 

pink noise, which was presented continuously at 79 dB. We presented the pink noise to mask the 

noise generated by the movement of the force plates of the posture platform. 

Cue signals were provided through two vertically aligned red-light-emitting diodes (LEDs) 

that were 7.5 cm apart in a small box. The LEDs were placed approximately 1 m in front of the 

participant, at eye level. The timing of the movement of the platform and the presentation of the 

cueing and RT stimulus were controlled via a computer. RT data were collected from the button 

push. COP data were collected from the force plates. All data were digitally recorded at a 

sampling rate of 1000 Hz and stored for further analysis. 

 

Tasks 

The study consisted of three (dual-task) cueing conditions (cue). In the directional cueing 

condition (Dir), directional information was provided for the impending translation (Trans) of 

the posture platform. The top LED was illuminated when an anterior translation was imminent, 

and the bottom LED was illuminated when a posterior translation was imminent. In the alerting 

cueing condition (Alert), the two LEDs illuminated simultaneously, thus disclosing only that a 

translation was imminent but not the direction of the translation. Finally, in the no-cue condition 

(No), the participants were instructed to look at the LED box and keep their eyes open; however, 

no information was presented regarding the platform movement. Thus, participants were not 

aware that a translation was impending or in which direction the platform would move. In both 

the Dir and Alert conditions, the cue was given 1 s before platform movement and remained on 

for the duration of the platform translation.  

At the initiation of the platform movement or shortly thereafter, the auditory stimulus to 

which participants had to react was presented. The RT stimulus was presented at five different 

intervals relative to the platform movement initiation. Those SOAs were 0, 50, 100, 150, and 200 

ms. Thus, for example, at SOA = 150 ms, the auditory stimulus was presented 150 ms after 

platform movement initiation. In addition, four anterior and four posterior translations were 
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presented with a cue, but without the presentation of an RT probe (catch_EQ), and four trials 

were presented in which the cue (only in Dir and Alert) and the postural translation were omitted 

but the auditory stimulus still was presented (catch_RT). We included those so-called catch trials 

to reduce predictability and increase alertness (see Redfern et al., 2002). Each new trial was 

initiated between 1 and 4 s after the end of the previous trial. 

We instructed participants to focus on the cue signals but that it was equally important to 

react as quickly as possible to the auditory tones. Furthermore, we instructed participants to stand 

quietly and react naturally to the platform perturbation. None of the participants had to take a 

corrective step in response to the platform movement. 

 

Protocol 

Participants were given practice on each of the cueing conditions. During those practice 

sessions, we ensured that the RTs to the auditory tone were stabilized and that the participants 

were fully acquainted with the task. Participants rested after the practice session. Subsequently, 

two (single-task) baseline measures were taken, an RT and a postural baseline. The RT baseline 

consisted of quiet standing on the platform, with eyes open, while performing the auditory RT 

task. Fifty auditory RT probes were presented randomly between every 1 to 4 s. We instructed 

participants to press the button as fast as possible as soon as they heard the probe. The postural 

baseline consisted of 50 platform translations without the auditory RT task and without cues on 

the impending translation. Twenty-five anterior and 25 posterior translations were presented, 

each between 1 and 4 s. The order of movement direction was completely randomized. 

Participants had a short break, after which the three cueing conditions were presented twice, 

resulting in six experimental blocks. Each cueing condition was blocked; that is, for the 52 trials 

in one block, the cueing condition was always held constant. Within each block, each of the 

SOAs was presented four times for each of the translation directions (five SOAs x two directions 

x four repeats = 40 experimental trials + 12 catch trials). The order of the 52 trials was 

completely randomized. The total duration of an experimental block was about 8 min. 

Participants rested between each block. The presentation order of the experimental blocks was 

randomized. 
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Data Analysis 

The RT to the auditory probe and the onset latency of the COP were of primary interest. We 

computed RTs as the difference between the onset of the stimulus and the activation of the 

button. We determined COP onset latency (COPL) as the onset of the active recovery response to 

torque generated at the ankle joint that followed the initial passive torque responses (Figure 3). 

The passive torque responses were characterized by, on average, four zero-crossings in the 

second derivative of COP. We defined the onset of the active recovery response as either the first 

zero-crossing of the first derivative after the passive torque or the first zero-crossing of the 

second derivative after the initial passive torque, whichever came first. Those two methods 

yielded COPL that were not significantly different from each other. Furthermore, we visually 

inspected all data points, and we either corrected (by approximation) visually incorrect data 

points or, if no unambiguous data points could be determined, omitted them from further data 

analysis. The visual approximation method yielded COPL that were not significantly different 

from those yielded by the other two methods described earlier. 

 

Statistical Analysis  

We established dual-task effects by comparing the responses during the (dual-task) cueing 

conditions with the (single-task) baseline data, as established in the RT baseline and the postural 

baseline sessions. Mean baseline RT and mean baseline COPL for each participant were 

subtracted from the cueing data. Positive values for the changes in baseline from RT δRT and 

COPL (δCOPL) denoted a detrimental dual-task effect. For dual-task performance that was equal 

to (single-task) baseline performance, δRT = 0 ms and δCOPL = 0 ms. We conducted an analysis 

of variance (ANOVA) on baseline RT with age as a variable, and we performed an ANOVA on 

baseline COPL with age and Trans as variables. Furthermore, we conducted a full-factorial 

repeated measures ANOVA to determine the effect of cue, SOA, Trans, and age on δRT and 

δCOPL. The postural and the RT catch trials were analyzed separately. We used a significance 

level of α = .05 throughout the analyses, and we made appropriate post hoc comparisons for 

significant multiple-level variables. The results are organized around our three main predictions. 
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Figure 3.  Representative center of pressure (COP) traces for an anterior and a posterior 
platform translation. The dashed vertical line represents the onset of platform translation. Both 
traces are from the same young subject, at stimulus onset asynchrony (SOA) = 0 ms in the 
cueing condition with directional information. 

 

Results 

Baseline RT and Baseline COPL Performance 

We subtracted the baseline performances for both RT and COP onset latencies from the 

experimental cueing data. An overview of the average baseline RT and average COP onset 

latency for both young and elderly participants is provided in Table 1. There was no significant 

difference between young and old participants on RT for the baseline condition. In addition, we 

did not find significant main effects of age or translation or a significant interaction effect on 

COPL. Those results indicate that for single-task baseline conditions, there was no significant 

difference in cognitive or postural performance between young and old participants. 
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Table 1.  Baseline RT and COP Onset Latency (ms) for Young and Elderly Participants. 

     COPL 

  RT  Anterior  Posterior 

Participants  M SD  M SD  M SD 

Young  225.8 35.4  136.0 10.8  157.4 16.0 

Old  234.6 45.8  131.9 25.4  135.1 34.2 

 
Note. COPL = center of pressure onset latency 

 

 

Qualitative assessment showed that there was no difference in the overall characteristics for 

the COP time series of the experimental cueing conditions as compared with the baseline COP 

time series (Figure 4). That was true for both young and elderly participants. 

 

Effect of Stimulus Onset Asynchrony 

Our primary prediction --that cognitive task processing in all three cueing conditions would 

be subject to a central bottleneck-- was confirmed. The results indicated that there was an overall 

SOA effect, F(4, 82) = 2.6, p = .039, on δRT (Figure 5). It was apparent that the dual-task effect 

was greatest at SOA = 0 ms. A significant difference (p < .01) of δRT at that SOA from baseline 

value (δRT = 0 ms) substantiated that finding. Delta RTs at SOA = 50-150 ms did not 

significantly differ from baseline, although there was a trend toward difference for δRT at SOA 

= 200 ms (p = .059). 

Furthermore, supporting our first prediction, no significant main effect of SOA on δCOPL 

was found (Figure 5). Overall, however, δCOPL was significantly increased at each SOA as 

compared with baseline. Thus, although COPL was not affected by SOA, it was slightly 

increased by dual-task demands. 

Analysis of δRT also revealed a significant interaction effect of SOA x Cue x Trans, F(8, 

164) = 3.6, p < .01. However, that interaction effect was not accompanied by any relevant 

significant two-way interaction. Therefore, we decided not to interpret that result at that time. 
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Figure 4.  Representative center of pressure (COP) time series for a young (panel A and B) and 
an older subject (panel C and D). Panel A and C represent responses to a posterior platform 
translation and panel B and D represent responses to an anterior translation. The solid lines are 
the ensembled averages for the baseline data. The dotted lines are the ensembled averages 
across all stimulus onset asynchronies (SOAs) for a block of trials with directional cueing 
information. The small vertical lines are the COP onset latencies (solid line for baseline and 
dotted for the directional information trials). At t = 0 s the platform is translated (dashed line 
through all four panels). 

 

Effect of Cueing 

Our second prediction --that cueing would affect both COPL and RT-- also was confirmed. 

By manipulating the extent of task preparation of the postural task, we affected the performance 

of the cognitive as well as the postural task. Figure 6 shows the effect of cue, F(2, 81) = 8.1, p < 

.01, on δRT. The Dir condition (M = -l.1 ms) yielded faster δRTs than both the Alert and the No 

conditions (respectively, M = 13 ms and M = 11.2 ms, both ps < .01). Delta RT for the Alert and 

the No conditions did not differ from each other. Comparison of the δRT of each cueing 

condition with baseline performance (δRT = 0 ms) showed that RTs did not differ from baseline 
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performance in the Dir condition but that δRT was increased for both the Alert and the No 

conditions (both ps < .01).  

As predicted, the effect of advance information also affected COP onset latencies, as 

indicated by a main effect of cue, F(2, 71) = 8.8, p < .01, on δCOPL (Figure 6). Most interesting, 

however, δCOPLs were significantly increased to the same amount for the Dir and the Alert 

cueing conditions (respectively, M = 5.4 ms and 5.7 ms, both ps < .01) as compared with the No 

condition (M = 1.6 ms). Comparison of δCOPL with baseline performance for each of the cueing 

conditions showed that both Dir and Alert conditions (both ps < .01) were increased as compared 

with baseline. The No condition was not significantly slower than baseline, although there was a 

trend toward significance (p = .059).  
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Figure 5.  Mean changes of RT and center of pressure onset latency from baseline (δRT and 
δCOPL) averaged across the three cueing conditions, as a function of stimulus onset asynchrony 
(SOA). The dotted line represents baseline. Error bars represent standard error. 
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Figure 6.  The effect of cueing on changes of RT and center of pressure onset latency from 
baseline (δRT and δCOPL) The dotted line represents baseline. Asterisk (*) indicates that the 
response is significantly smaller than that of the other two cueing conditions. Error bars 
represent standard errors. 

 

Effect of Aging 

We found a main effect of age on both SRT, F(1, 82) = 7.8, p < .01, and δCOPL, F(1, 72) = 

4.3, p = .041 ; δRT and δCOPL were slower for the elderly participants. The RTs to the auditory 

probe were, on average, 14.4 ms slower for the older participants as compared with their 

baseline. The young participants were slowed down by only 1 ms. As compared with baseline, 

COP onset latency was increased by 6 ms for the elderly and 2.5 ms for the young participants. 

There were no two-way interaction effects with age as a variable. However, we did find an Age x 

Cue x Trans, F(2, 81) = 4.4, p = .015, interaction effect for δRT, but in the absence of any two-

way interaction, we decided not to interpret that result. 
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Catch Trials 

For all three cueing conditions, the RTs from the catch_RT trials were significantly slower as 

compared with RTs of both baseline and SOA = 0 ms (both ps < .01). Furthermore, we also 

found a cueing effect on the catch_RT trials, F(2, 16) = 11.5, p < .01. The longest δRT (M = 

275.5 ms) was found for the Dir condition; it did not differ significantly from the δRT in the 

Alert condition (M = 236.7 ms). In both the Dir and Alert cueing conditions, δRTs for the 

catch_RT trials were significantly longer than were the δRTs in the No condition (M = 154.3 ms, 

both ps < .01). Furthermore, we found an effect of age, F(1, 17) = 6.4, p = .022, on 8RT for the 

catch_RT trials; overall, slower RTs to the catch trials were found for the elderly participants. 

The catch_COP trials did not yield any significant main effect or any interaction effect of cue, 

Trans, and age on δCOPL. 

 

Biomechanical Effect of Dual-Task Conditions 

A main effect of Trans on δCOPL, F(1, 72) = 15.5, p < .01, was found. The dual-task demand 

caused increased δCOPL for posterior translations (M = 6.8 ms) as compared with that for 

anterior translations (M = 1.7 ms). A possible explanation for that effect could be that under 

dual-task conditions, across all three cueing conditions, participants' initial posture at the time of 

stimulus presentation was slightly more posterior than that of the single-task baseline (0.95-cm 

difference). The more posterior position may have affected the biomechanical properties of the 

soleus muscle, resulting in delayed onset latencies for posterior translations but not for anterior 

translations. 

 

Discussion 

Our purpose in this experiment was to determine if the interaction between postural and 

cognitive processing demands is consistent with a response-selection bottleneck and, if so, to 

assess the effect of task preparation on that bottleneck. Furthermore, we examined any 

fundamental differences in task processing between young and elderly participants.  

We found significant interference between the postural and the cognitive tasks when both 

stimuli were simultaneously presented (SOA = 0 ms). At later SOAs, all RTs were at baseline 

value. That finding seems to contradict results of Redfern et al. (2002), who showed that 
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interference between the cognitive task and the postural translation dissipates at approximately 

250 ms. However, Redfern and his colleagues used SOAs that differed from one another by 100 

ms or more, therefore preventing fine-grained assessment of the exact temporal nature of the RT 

curve. Also, unlike the method in our study, in which all SOAs were at or after the perturbation, 

they presented some RT stimuli before the postural perturbation. The difference in method may 

have changed the dynamics of dual-task processing. Finally, Redfern and his colleagues did not 

compare RTs with single-task baseline values; the absence of that comparison limited a 

definitive conclusion on the temporal dynamics of the interference. 

Our results also deviate from those of more traditional research, in which RT usually reached 

asymptote at later SOAs (typically, somewhere between 200 and 400 ms). There may be several 

explanations for the nature of the transitory interaction effect. First, the processing of the postural 

task may hinge only marginally on a response-selection mechanism and therefore may be more 

reflexive in nature. Pashler, Carrier, and Hoffman (1993) used a nontraditional approach that 

involved a reflexive task. In a series of experiments, participants were required to make saccades 

to targets. The saccades were at different SOAs followed by an auditory RT task. Significant 

dual-task interference was found only when the direction of the saccade was dependent on the 

color of a central color patch (Experiment 3) or when the saccade was directed toward the 

numerically higher of two digits (Experiment 4). Dual-task interference was only minimal when 

more reflexive eye movements were required, such as making a saccade to a single transient 

(Experiment 1) or to a prespecified color patch. Increasing the difficulty of selecting a response 

increased the dual-task effect. A similar argument may be made for postural responses. 

Second, one could argue that maintaining balance is a highly practiced, almost automatic, 

everyday task. It has been shown that practice significantly reduces the PRP effect (van Selst, 

Ruthruff, & Johnston, 1999) but that a bottleneck is still not eliminated (Ruthruff, Johnston, & 

Van Selst, 2001). Thus, the simplicity and the automaticity of the postural task may cause the 

interaction effect to be only brief. Third, we blocked presentations of the cueing condition. 

Random presentations might have caused a stronger effect. However, the introduction of random 

presentations would have introduced an additional decision process on the nature of the cueing 

task. That added process would possibly interfere with decision-making processes on the actual 

cue. 

It has been argued that the central bottleneck is located in a response-selection mechanism 
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(e.g., Pashler, 1994). However, Keele (1973) and Norman and Shallice (1986), for example, 

argued that the locus of the bottleneck could be in the response-initiation or response-production 

stages instead. The results of the present experiment partially support a response-selection locus 

for the bottleneck, because RTs in the directional cueing condition were rapid and were 

equivalent to baseline RTs. In the condition with alerting information, however, RTs were 

increased relative to baseline and to the same extent as in the cueing condition with no advance 

information. Thus, it seems that simply alerting a participant does not necessarily facilitate 

response selection. 

The RT findings with the directional cue seemed to confirm our hypothesis that a central 

bottleneck is situated in a response-selection mechanism. In contradiction to our hypothesis, 

however, COPL was not decreased for either the directional or the alerting cueing conditions. 

Most surprising, in the cueing condition with no advance information, COPL were at baseline 

values. The increase in COPL for the directional and alerting cueing conditions contradicts our 

hypothesis, suggesting that other mechanisms may have been engaged by the preparatory cues. 

The postponement in COPL may be a mere conditioned response to the cue, but may also be 

strategic in nature. Both cues served as a warning that an overlapping postural and cognitive task 

performance challenge was imminent. Participants may have then prepared for a postural 

challenge by stiffening the musculature, resulting in slowed COP latency. It has been suggested 

that maintaining quiet stance is a process that the motor system controls by generating active 

ankle torques but also by so-called passive torque control, or stiffness (Winter, Patla, Prince, 

Ishac, & Gielo-Perczak, 1998; Winter, Patla, Rietdyk, & Ishac, 2001). In the model of Winter 

and colleagues, changes in COPL are the result of changes in passive torque. In research 

regarding hand movement and arm movement control, the addition of a stressor or cognitive task 

has been related to a change in stiffness regulation (van Galen, Müller, Meulenbroek, & van 

Gemmert, 2002; van Gemmert & van Galen, 1997). Providing beneficial cues or affecting the 

state of general alertness may have a similar effect, such that changes in passive ankle torque 

yield increased COP onset latencies. A link between stiffness control, or a "tighter control of 

postural sway" (Dault, Frank et al., 2001, p. 115), and cognitive task demands has also been 

suggested by Dault et al., who showed that the addition of any working memory task leads to 

changes in postural sway characteristics. 

In conclusion, the results of this experiment suggest that the duration of the interaction 
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between processing demands of a simple postural perturbation and a simple cognitive task is 

brief. The brief period of interference between tasks occurs despite the relative ease and highly 

practiced nature of the tasks. Furthermore, although we found an overall reduction in speed for 

elderly participants, as evidenced by overall increased RT and COP onset latency, the elderly 

participants were subject to the same processing constraints as the young participants were. That 

finding was substantiated by baseline RTs and baseline COP onset latencies that were not 

significantly different for young and older participants. We also found that RTs were 

significantly increased for the catch trials as compared with the baseline condition. That result 

replicates findings by Gottsdanker (1979) and confirms the importance of task preparation in a 

dual-task situation. Although preparatory cues for the postural task did not actually improve 

postural control, they did improve overall performance of the second, cognitive task. That 

finding may indicate not only that a response-selection bottleneck affects simultaneous postural 

and cognitive task processing but also that strategic postural adaptation may play a role. 
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Chapter 6 

Postural prioritization defines the interaction between a 

reaction time task and postural perturbations 

 

Abstract 

Concurrent demands for postural and cognitive control processes are now 
known to induce interference, e.g., information processing speed may 
decrease during postural adjustment. It is less clear whether postural 
control may, at least in many situations, take precedence over cognitive 
control (‘postural prioritization’). The purpose of this study was to 
determine if postural dual-task effects are the result of a postural 
prioritization effect. Twelve young subjects (6 female; 24.1 ± 4.1) 
performed a discrete choice reaction time task in combination with a 
platform perturbation. To assess the effect of postural prioritization on 
reaction time (RT) and Center of Pressure (COP) parameters, destabilizing 
perturbations were randomly interspersed with non-destabilizing 
perturbations. Furthermore, stimulus order and the time interval of the RT 
stimulus relative to the platform perturbation were manipulated. COP and 
RT data obtained in these manipulations were compared to single-task 
baseline data. The results suggested that, irrespective of the degree of 
threat to postural stability, postural task processes are prioritized. 
Furthermore, anticipation of a postural stimulus negatively affects RT. 
However, once a perturbation commences subsequent RTs are speeded. 
Postural reactions were unaffected by a concurrent RT task, however, the 
RT stimulus acted as a cue to initiate biomechanical adaptations for an 
upcoming perturbation. 

 

Introduction 

Preparation plays a role in postural control. In sensorimotor systems, preparation refers to a 

set of processes that precede a task (Jennings & Van der Molen, 2005). Preparation typically 

results in better performance when the task administered matches the task prepared for (Brunia, 

2004). Factors that affect preparation in postural control are advance knowledge on the 

perturbation type, expectation of an impending perturbation, and repeated exposure to 

perturbations (Horak et al., 1989). Postural preparation also affects concurrent cognitive task 
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performance. For example, Müller, Jennings Redfern and Furman (2004) showed that advance 

information on the timing and the direction of a posture platform translation aided both postural 

and cognitive responses. These postural preparatory effects are likely reflected in a centrally 

mediated pattern of muscle synergies, which may be combined with peripheral modulations of 

muscle activation (Henry, Fung, & Horak, 1998). 

The cognitive processes involved in the preparatory effect on postural control has been 

investigated using a specialized dual-task protocol that varies the time between an information 

processing task and a postural perturbation (Müller et al., 2004; Redfern et al., 2002). Reaction 

time tasks, which require speeded reactions to sensory stimuli, are performed concurrently with 

support surface translations, which evoke postural perturbations. This methodology is adapted 

from one in the psychology literature commonly used to examine ‘single-channel’ claims of 

dual-task interference (Pashler, 1994; Smith, 1967; Welford, 1952, 1980). Typically, two tasks 

are presented consecutively, with some minimal time delay (usually 25-1000 ms) separating the 

tasks (Stimulus Onset Asynchrony or SOA). Characteristically, at short SOAs the response time 

to the second stimulus is increased (the so-called Psychological Refractory Period or PRP effect), 

while across all SOAs the response to the first stimulus is relatively unaffected. 

The aim of this study was to investigate the influence of postural preparation upon the 

interaction between cognitive and postural control processes. Retaining balance to destabilizing 

postural perturbations is critical, and thus the intrinsic, imperative nature of postural control may 

affect the dual-task interaction between cognitive and postural task processes. If true, cognitive 

and postural dual-task effects are not the result of a reciprocal interference (Woollacott & 

Shumway-Cook, 2002), but may reflect a non-reciprocal, centrally modulated preparation biased 

towards the postural stimulus. This concept will be referred to as ‘postural prioritization’, and is 

otherwise also known as a ‘posture-first’ principle. 

Several studies have suggested the prioritization of balance under dual-task conditions, 

especially for older persons (Brauer et al., 2002; Brown, Sleik, Polych et al., 2002; Li, 

Lindenberger, Freund, & Baltes, 2001; Shumway-Cook et al., 1997). However, there are no 

apparent platform perturbation studies that have examined this effect with an experimental 

design directly aimed at this. Incidental evidence for postural prioritization in dual-task platform 

perturbations can be found in two PRP design studies (Müller et al., 2004; Redfern et al., 2002). 

Redfern et al. showed that when a RT stimulus was presented immediately before a platform 
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translation, RT was substantially increased relative to the faster RTs observed with later 

presentations. When the RT stimulus was presented after the platform translation, RTs 

decreased, with increasing time delays between the translation and the RT stimulus. These 

results imply that preparation for the postural task may be prioritized. Postural processing was 

privileged in anticipation of a postural perturbation which led to an increase RT. However, once 

the perturbation commenced and appropriate postural responses were selected privileged 

processing was no longer required and cognitive task performance could improve. Furthermore, 

results by Müller et al. showed that the sudden omission of a postural perturbation led to 

disproportionally long RTs, which could be interpreted as a preparatory effect toward the 

platform translation, i.e. toward the stimulus with the highest threat to postural stability.  

The present study further explored these ‘posture first’ findings (Müller et al., 2004; Redfern 

et al., 2002). Postural platform perturbations were combined with choice RT tasks in a PRP 

paradigm. We hypothesized that postural dual-task effects are the result of a postural 

prioritization effect. We further hypothesized that strong preparatory effects would impact the 

dual-task responses seen. To examine these preparatory effects, we performed several 

experimental manipulations to address specific hypotheses. 

First, we examined the interaction effects of RT and postural responses by presenting the 

postural stimulus and the RT stimulus in different orders and at different time delays relative to 

each other. This manipulation addressed the hypothesis that posture was prioritized regardless of 

order of presentation or SOA. Postural prioritization leads to the expectation that RTs would be 

relatively slow when the subject was preparing for a possible postural challenge (for trials in 

which the RT stimulus was presented prior to the postural perturbation), and RTs would be 

relatively fast once the challenge occurred and a postural response selected. 

Secondly, based on previous findings (Müller et al., 2004), we hypothesized that postural 

prioritization implies that the postural control system prepares for stimuli that pose the highest 

threat to postural destabilization. To explore this effect, trials with platform translations, which 

posed a high threat to postural stability, were mixed with trials with a low threat to postural 

stability. Platform vibrations were used as low threat postural stimuli, in order to clearly 

differentiate postural preparation effects between the two types of postural stimuli, and to include 

a stimulus of which the onset can be temporally defined in a PRP design (unlike quiet stance). 

We expect subjects to prepare for the destabilizing translation, and we hypothesize that the 
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inhibition of this prepared response would require additional processing after the onset of a non-

destabilizing vibration occurs (Jennings & Van der Molen, 2005; Koch, Gade, & Philipp, 2004), 

resulting in slower RTs for the platform vibration trials than for the platform translation trials. To 

evaluate this dual-task preparation effect, we compared these trials to a baseline condition, in 

which only platform vibrations were presented. As participants were acquainted with the non-

destabilizing nature of these vibrations and were aware that only vibrations would be presented, 

this condition allowed therefore for optimal preparation toward the RT task. 

Third, we hypothesized that, as a consequence of postural prioritization, the postural control 

system might use environmental cues to facilitate postural responses (McChesney et al., 1996; 

Müller et al., 2004). To test this hypothesis, we included a condition in which similar RT cues 

were shown in advance of the upcoming perturbation; however, no RT responses were required. 

Postural prioritization would predict postural responses for this cueing condition that would be 

similar to those when an actual RT response was required. 

 

Methods 

Subjects 

Twelve young subjects (6 female; range = 21 - 35 years; mean = 24.1 ± 4.1 years) 

participated in this study. Prior to enrollment, all subjects were screened for normal vestibular 

function through caloric and rotational testing (Furman & Cass, 1996), and completed a 

neurological examination. All subjects had normal or corrected-to-normal vision. Informed 

consent was obtained prior to participation. The Institutional Review Board of the University of 

Pittsburgh approved this study. All subjects received payment for participation. 

 

Posture platform stimuli 

Subjects stood barefooted on a posture platform (NeuroTest, Neurocom, Inc., Clackamas, 

OR) that was able to provide anterior and posterior horizontal translations of 5.1 cm with a peak 

velocity of 20 cm/s. These platform translations were destabilizing and required a corrective 

response to retain balance. Platform translations were therefore considered a high threat to 

postural stability. The platform was also able to provide ‘vibrations’. Each platform vibration 

was unique, and was created by rapidly updating the platform controller signal with randomly 
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chosen anterior or posterior horizontal platform translations. This provided a non-periodic small 

platform movement with an amplitude of less than 0.25 cm peak to peak. The acceleration of 

these vibrations exceeded the threshold for detection of platform movements (Richerson, 

Faulkner, Robinson, Redfern, & Purucker, 2003), and, indeed, all subjects perceived the 

vibrations. Typically, the COP profile of these vibrations was characterized by low amplitude, a-

directional movement responses. Thus, although small platform movements and small postural 

responses characterized these vibrations, all subjects perceived them. Therefore these platform 

vibrations were quantified as a postural stimulus, however, with a low threat to postural stability. 

Figure 1 provides a typical example of the positional, temporal, and acceleration characteristics 

of a translation and a typical platform vibration, with typical COP response patterns. Throughout 

the experiment, a safety harness was used to prevent falling. However, the harness did not inhibit 

movement during the perturbation. Subjects were instructed to position the feet approximately 

shoulder width apart, cross the arms in front of the body, and react naturally to the platform 

movements. 

 

Choice RT task 

Visual and auditory versions of a two choice RT task were employed (cf., Redfern et al., 

2002). For the visual choice RT task (VCRT), subjects were instructed to push the button with 

the thumb of one hand if a ‘bright’ light was presented, and the other button with the other hand 

if a ‘dim’ light was presented. These lights were provided through a cluster of red LED’s, which 

were able to illuminate at different levels of brightness, and were embedded in a rectangle box. 

The LED box was placed approximately 1 meter in front of the subject at eye level. The 

brightness levels were measured with a luminance meter (Minolta, LS-100), and the bright and 

dim lights were presented with an intensity of 104.4 cd/m2 and 25.2 cd/m2 respectively. For the 

auditory choice RT task (ACRT) subjects responded differentially to ‘high’ and ‘low’ tones 

using the right and left hand response buttons. The high and low tones were presented at a 

frequency of 980 Hz and 770 Hz respectively, through an ear insert (model ER2, Etymotic 

Research, Elk Grove Village, IL) at 83 dB SPL. All stimuli were presented for 250 milliseconds. 

Half of the subjects were instructed to react with their dominant hand to the bright light/high tone 

and non-dominant hand to the dim light/low tone, the other half of the subjects were instructed 

the opposite. Both tasks had an even distribution of the two stimuli. Subjects were always 
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instructed to be ‘as fast and accurate as possible’. 
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Figure 1.  Position (top row) and acceleration (center row) time series for a platform vibration 
(left column) and an anterior platform translation (right column), with the according Center of 
Pressure (COP) displacement response (bottom row). Note the exceptionally small position 
amplitude for the vibration time series. 

 

Design 

Table 1 provides a comprehensive overview of the design of the experiment and the 

experimental conditions. For the dual-task condition (DT Perturbations), with an equal 

probability of occurrence, platform translations were randomly interspersed with platform 

vibrations. These postural stimuli were either preceded by a RT stimulus (pre-perturbation), or 

the RT stimulus was presented after the postural stimulus (post-perturbation). Furthermore, this 

RT stimulus was presented at a certain SOA relative to the postural stimulus (i.e. 25, 125, 325 

ms). These SOAs were chosen to coincide with early sensory processing, central response 
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selection and postural response initiation (Müller & Redfern, 2004), and late stages of the 

postural response (Maki, Zecevic et al., 2001; McIlroy et al., 1999). 

Postural responses and RTs during of the DT Perturbations conditions were compared to 

results of the RT baseline and postural baseline conditions (i.e. the Vibrations and the (single-

task) ST Perturbations condition). In the ST Perturbations condition, platform vibrations were 

interspersed with platform translations, however, no RT stimuli were presented. This allowed an 

estimation of the postural response in the absence of any other stimuli. In the RT baseline 

condition (Vibrations) only platform vibrations were presented. Similar to the DT Perturbations 

condition, a RT stimulus either preceded or followed after the platform vibration at a certain 

SOA. RT responses in this Vibrations condition were compared to those from the DT 

Perturbations condition. 

In addition, we examined whether the RT stimuli might influence postural performance. This 

was examined in the Cued Perturbations condition, where the RT stimuli were presented at a 

certain SOA prior to the platform stimuli. Subjects were instructed to ‘take note’ of the stimulus 

but not to react to it. Postural responses obtained in this condition were compared to those from 

the DT Perturbations condition. 

The experiment was organized as a set of ‘blocks’ of 36 trials each. The trials of a block all 

were from the same condition and (if relevant) task modality of the RT task was always held 

constant for a block of trials. With these constraints, conditions were then assigned randomly to 

the sequential blocks forming the experiment. 

 

Table 1.  Overview of the different conditions and experimental manipulations. Except for the ST 
Perturbations, all other conditions were presented with both the visual and auditory RT stimuli. 
The Vibrations and the ST Perturbations conditions are the baseline conditions. 

Experimental Manipulations  

Platform Stimulus RT Task Order React to RT probe? 

DT Perturbations Translation / Vibration pre- & post- Perturbation Yes 

Vibrations Vibration pre- & post- Perturbation Yes 

ST Perturbations Translation / Vibration N.A. N.A. 

Cued Perturbations Translation / Vibration Pre-Perturbation No 
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Protocol 

Subjects were practiced on a separate day. Each subject was practiced on both the visual 

CRT and auditory CRT task until RTs (standard deviations) and error rates (< 10 %) stabilized, 

and subjects were fully acquainted with the task. This was done while standing on the posture 

platform, but without platform perturbations. Subjects were subsequently briefly acquainted with 

the various platform movements. 

The experiment spanned three testing days, and 26 experimental blocks were presented in a 

completely randomized design across these days. Before the start of the experiment on each of 

the test days, subjects were only briefly practiced on both the visual CRT and auditory CRT task 

while standing unperturbed on the posture platform. Subjects were then rested and the 

experiment commenced. During the testing subjects were presented pink noise binaurally at 80 

dB SPL, for the duration of a block, to mask ambient sound. Each test day (including practice 

and resting) lasted about 1.5 hours. 

The RT response was recorded by pushing a micro-switch button in response to the stimulus. 

Prior to starting the task, we ensured that all subjects held the two micro-switches in the same 

manner, i.e. one in each hand with the thumbs placed on top of the button, poised to press it. The 

timing of the movement of the platform and the presentation of the RT stimuli were controlled 

via a computer. RTs were registered from a button press switch closure. COP data was collected 

from the force plate for three seconds per trial, starting 1 s before perturbation onset. The COP 

data were low-pass filtered using a 2nd order Butterworth filter with a cut-off frequency of 15 

Hz. All data were digitally recorded at a sampling rate of 1000 Hz and stored for further analysis. 

 

Data analysis 

Of primary interest were the RTs to the CRT stimuli, and the postural responses to the 

platform translations. The RTs were determined as the difference between the onset of the 

stimulus and the activation of the button. The postural response was quantified as the rate of 

change of the COP slope (COPSLOPE). This COP parameter is a derivative measure that 

encapsulates both early (COP onset latency) and late postural responses (COP amplitude), which 

both have shown sensitivity to dual-task processing demands (Maki, Zecevic et al., 2001; Müller 

et al., 2004). The slope of the COP response (figure 2) was calculated as a proportion of the 

maximum amplitude (Amax) and the time from the onset latency of the COP (COPL; see Müller & 
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Redfern, 2004) to the maximum amplitude (Tmax). As can be seen in figure 1, the platform 

vibrations did not destabilize posture, and corrective balance reactions were not required; 

therefore no specific COP parameters were determined for these trials. 
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Figure 2.  Example of the COP time series of a platform translation. Indicated in the figure is an 
estimate of the slope of the active postural reaction (diagonal dotted line; COPSLOPE), which is a 
proportion of Amax and Tmax (all dotted lines). Tmax was determined as the difference between the 
time to the maximum amplitude of the COP response and the onset of the active recovery (small 
vertical solid line; COPL). Amax was determined as the difference between the maximum 
amplitude of the COP response and the COP amplitude at COPL. 

 

Statistical analysis 

Handedness, Stimulus Strength, Learning/Order effects, and Error Rates. We performed 

several preliminary checks that permitted us to simplify our analyses. The effects of handedness 

(dominant hand, non-dominant hand) and stimulus strength (bright light, dim light, and high 
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tone, low tone) were not of conceptual interest, and were therefore a priori not included in the 

analyses. The data of these variables were pooled for subsequent analyses. Furthermore, like 

previous studies (Müller et al., 2004; Redfern et al., 2002), there was no statistical difference (p 

= 0.729) in RT between anterior (M = 443.8 ± 101.5 ms) and posterior (M = 442.0 ± 98.3 ms) 

platform translations of the DT Perturbations translation trials. Therefore, RTs for anterior and 

posterior translations of the DT Perturbations conditions were combined for RT analysis 

purposes. Preliminary analysis of the RT and COPSLOPE data also showed that there was no 

learning or order effects. Thus, all trials and conditions were sufficiently randomized. Overall, 

the error rate (omissions and commissions) for the RT task was 6.6 % 

 

Normalization of RT and COP data. The RTs of the Vibrations condition were used as a 

common baseline for the assessment of RTs in the primary experimental condition (DT 

Perturbations). The RTs of the Vibrations condition were, however, significantly influenced by 

both RT Task Order and timing. A repeated-measures ANOVA with RT Task Order (pre-

perturbation, post -perturbation), SOA (25, 125, 325 ms), and RT Task Modality (ACRT, 

VCRT) showed that the RTs were unaffected by SOA when the RT stimulus was presented 

before the platform vibration, but significantly decreased (all Bonferroni corrected pairwise 

comparisons: p < 0.017) with each SOA for the trials in which the RT stimulus was presented 

after the platform vibration (left panel figure 3; RT Task Order x SOA (F (2, 22) = 19.6, p < 

0.05). The modality of the RT task did not affect the interaction between SOA and RT Task 

Order (left panel figure 3). Overall, however, RTs to the auditory stimulus (414.7 ± 60.4 ms) 

were about 50 ms faster than RTs of the visual task (465.1 ± 57.6 ms; RT Task Modality: F (1, 

11) = 7.8, p = 0.017). 

Based on these results, the RTs of the DT Perturbations condition were normalized by 

subtracting each subject’s mean RT of each SOA/RT task combination of the Vibrations 

condition from the comparable trials. This normalized dependent variable was expressed as δRT, 

and a positive value of δRT denoted an increased RT for the DT Perturbations as compared to 

the Vibrations. It should be noted that the absence of SOA effects on the difference scores will 

not imply absence of SOA effects on RT for the DT Perturbations, i.e. RTs for the Vibrations 

and the DT Perturbations may follow the same trend across the SOAs. 
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Figure 3.  The effect of SOA on RT for the Vibrations condition (left panel), and the vibration 
and translation trials of the DT Perturbations condition (center and right panel). A negative 
SOA sign indicates pre-perturbation trials. On average, auditory RTs were faster than visual 
RTs. However, there was no interaction of RT task modality with SOA for any of the conditions. 
Error bars represent standard error of the mean. 

 

COPSLOPE values from the ST Perturbations condition were used as a baseline for the 

assessment of the postural response in the DT Perturbations and Cued Perturbations conditions. 

A repeated-measures ANOVA with Translation Direction (Anterior, Posterior) as the 

independent, and COPSLOPE as the dependent variable, showed that for the anterior translations 

COPSLOPE was significantly lower (0.029 ± 0.006 cm/ms) than COPSLOPE of the posterior 

translations (0.035 ± 0.011 cm/ms). Therefore, the COPSLOPE of the DT Perturbations and the 

Cued Perturbation conditions was normalized by subtracting the individual mean COPSLOPE for 

anterior and posterior translations of this baseline condition, and was expressed as δCOPSLOPE. 

 

Primary analysis. The main statistical analysis was performed on the normalized RT and the 
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normalized COPSLOPE of the DT Perturbations trials. Both δRT (Shapiro-Wilk’s W = 0.993, p < 

0.001) and δCOPSLOPE (W = 0.987, p < 0.001) followed a normal distribution. Contrary to 

previous findings (Redfern et al., 2002), the modality of the RT task did not affect SOAs. 

Therefore, RT task modality was not further considered for the main statistical analysis. 

Furthermore, platform translation direction was also not further considered for the δCOPSLOPE 

analysis. A repeated-measures ANOVA was performed to analyze the effect of RT Task order 

(pre-perturbation, post-perturbation), SOA (25, 125, 325 ms), and perturbation type (translation, 

vibration) on δRT. The effect of RT Task Order and SOA on δCOPSLOPE of the DT Perturbations 

condition was established by employing a repeated-measures ANOVA. To establish the effect of 

RT stimuli as a cue in postural perturbations, δCOPSLOPE of the DT Perturbations were compared 

to Cued Perturbations by means of a repeated-measures ANOVA with SOA (25, 125, 325) and 

Condition (DT Perturbations, Cued Perturbations) as independent variables. 

Appropriate post-hoc comparisons to baseline performance were made for significant 

(multiple-level) variables. A p < 0.05 threshold for statistical significance was used throughout. 

 

Results 

δRT 

We hypothesized that subjects would prepare for the perturbation with the highest threat to 

postural stability (i.e. platform translation), and expected faster RTs for the translation trials than 

for the vibration trials. This prediction was confirmed (figure 4). δRT for the platform vibrations 

was significantly higher than for the platform translations, especially for trials in which the RT 

stimulus was presented after the platform perturbation (Perturbation Type x RT Task Order F (1, 

11) = 6.7, p = 0.025). Furthermore, comparisons of the different pre- and post-perturbation 

platform stimuli to the baseline Vibrations condition showed that δRT for the platform vibration 

trials of both pre-perturbation (t = 2.7, p = 0.019) and post-perturbation trials (t = 4.4, p = 0.001) 

was significantly higher than δRT = 0 ms. Altogether these results confirm our postural 

prioritization hypothesis. The postural response was prioritized to the more destabilizing 

platform stimulus, and when that perturbation was not presented, an increase in RT was seen. 

The timing of the RT stimulus relative to the platform stimulus (i.e. SOA) did not affect δRT. 

As can be seen in figure 3, the SOA effect for the DT Perturbations followed precisely the trend 
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in the baseline Vibrations data, which were subtracted to form the difference scores. These 

results confirm our postural prioritization hypothesis. As expected, RTs were increased in 

anticipation of a postural stimulus. However, once the postural stimulus commenced, and 

appropriate postural responses were selected RTs gradually decreased. 
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Figure 4.  Vibration and translation trials of the DT Perturbations condition for pre- and post-
perturbation trials, normalized by the Vibrations data (δRT). For the post-perturbation trials, 
δRT for the vibrations was significantly higher than δRT for the translations (asterisk). There 
was no such effect for the pre-perturbation trials. Error bars represent standard error of the 
mean. 

 

δCOPSLOPE  

We hypothesized that the RT stimulus would aid the postural response, and expected to see 

similar postural responses between the condition in which an RT was required and the condition 

in which an RT stimulus was presented but no response was required. These expectations were 
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confirmed. The statistical analysis comparing the (pre-perturbation) DT Perturbations and the 

trials of the Cued Perturbations condition showed no significant difference in δCOPSLOPE 

between these two conditions (figure 5). Thus, RT response requirements did not differentially 

affect the postural response. However, the postural response did change as a function of SOA (F 

(2, 22) = 16.1, p < 0.001). The slowest δCOPSLOPE was at SOA= -325 ms (-1.93 ± 1.8 *10-3 

cm/ms), and was significantly different (p < 0.017) from δCOPSLOPE at SOAs of –125 ms (-0.23 

± 1.9 * 10-3 cm/ms) and –25 ms (0.4 ± 2.2 * 10-3 cm/ms), which were not significantly (all p > 

0.05) different from each other (figure 5). Follow up analysis of the characteristics of the 

postural response showed that the amplitude of the postural response was scaled with increasing 

SOA (F (1, 11) = 51.2, p < 0.001), i.e. from 4.5 cm at SOA = - 25 ms to 4.1 cm at SOA = -325 

ms. This change in amplitude was, however, not the result of pre-perturbation changes in the 

amplitude of the COP (cf. Müller et al., 2004). Finally, compared to the baseline (ST 

Perturbations) translations, only δCOPSLOPE at SOA = -325 ms (t = -3.7, p = 0.004) was 

significantly different from δCOPSLOPE = 0 milliseconds. 

Altogether, these results confirm our hypothesis that postural control was prioritized. With 

sufficient time delay between the RT stimulus and the platform translation, the RT stimulus was 

utilized as a cue to initiate biomechanical adaptations for the upcoming translation. The presence 

of a concurrent IP task did not modify this effect. 

Further evidence for postural prioritization could be inferred from the statistical analysis of 

δCOPSLOPE for the post-perturbation trials of the DT Perturbations condition. The results showed 

that postural responses were identical to COPSLOPE of the baseline condition (ST Perturbations), 

and that this did not change with increasing SOAs. Thus, later stages of the postural response, 

such as peak amplitude control (Amax and Tmax) were not affected by concurrent RT task 

demands, which suggests impermeable postural control. 
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Figure 5.  The effect of SOA on δCOPSLOPE of the translation trials of the DT Perturbations and 
Cued Perturbations conditions. A negative SOA sign indicates pre-perturbation trials. For the 
pre-perturbation trials, there was no significant difference in δCOPSLOPE between the two 
conditions. However, both conditions show the same SOA effect for δCOPSLOPE. For the post-
perturbation trials there was no significant SOA effect for δCOPSLOPE for the DT Perturbations. 
Error bars represent standard error of the mean. 

 

Discussion 

The aim of this experiment was to examine the effect of postural prioritization as a factor in 

the interaction between cognitive and postural task processes. To examine this effect, the timing 

and the presentation order of the RT stimulus relative to the platform stimulus was manipulated, 

i.e. either the RT probe was presented at a certain time delay (SOA) before the platform 

stimulus, or the RT was presented at a certain SOA after the postural stimulus. Furthermore, 

platform perturbations with a low threat to postural stability were randomly interspersed with 
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perturbations with a high threat to postural stability, the so-called dual-task perturbation trials. 

RT and COP parameters of these two main manipulations were compared to baseline conditions. 

The RT results showed a prioritization effect of postural control demands over processing 

demands of a RT task. As expected, and in line with previous results (Redfern et al., 2002), RTs 

were relatively high in anticipation of a platform stimulus. However, once platform perturbations 

were initiated, RTs for post-perturbation RT stimuli became gradually faster. This decrease in 

RT was particularly strong after the initial stages of the platform stimulus, i.e. after a response 

was identified and appropriate postural responses were selected and initiated (125 ms). The RTs 

that coincided with the later stages of the postural response, i.e. the stabilizing response, were the 

fastest. Furthermore, comparison of RT results of randomly interspersed platform vibrations and 

translations showed that RTs for the platform vibrations were higher than RTs for the 

translations. With an even probability of occurrence, preparation should not be biased toward 

one platform stimulus or the other. However, these results confirm our hypothesis that postural 

control was prioritized toward the stimulus with the highest threat to postural stability. We 

suggest that when there is uncertainty about the nature of a postural threat, appropriate postural 

responses for the most destabilizing stimulus are selected. Inhibition of these selected responses 

when vibrations occur requires additional central processing, at a cost of RT task performance. 

Postural prioritization also became evident in the postural responses to platform translations. 

First, the postural response in anticipation of a RT probe was not different from postural 

responses when there was no probe. Thus, concurrent RT task demands did not affect postural 

control. Furthermore, RT task demands did not affect later stages of the postural responses 

either, i.e. an RT stimulus that was presented at an SOA of 325 ms did not change the time 

and/or magnitude of the peak stabilizing response. Secondly, the results showed that the postural 

control system actively scaled the postural response when stimuli were presented that served as a 

cue in anticipation of a platform translation. This scaling was irrespective of concurrent RT task 

demands. Thus, postural responses were prioritized to the extent that they were not affected by 

concurrent RT task demands, and environmental stimuli were utilized to aide postural responses. 

Postural responses to transient platform perturbations have been described as a fast 

acceleration phase followed by a deceleration phase (Carpenter, Thorstensson, & Cresswell, 

2005; McIlroy & Maki, 1994). In our study, the peak amplitude, which has been associated with 

the deceleration phase (McIlroy & Maki, 1994), was typically reached at about 275 ms after 
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translation onset. Concurrent RT task demands may have affected this deceleration response, 

however, the temporal spacing of RT and postural stimuli would not allow for direct analysis. 

However, previous research by Redfern et al. (2002) showed that RT stimuli that coincided with 

the deceleration response, i.e. at an SOA of 250 ms, did not change either the timing or the 

amplitude of the COP response. These results are in contradiction with other studies, which have 

shown that the deceleration response was affected by a concurrent visuomotor tracking task 

(Maki, Zecevic et al., 2001; Norrie et al., 2002). This effect of a cognitive task on postural 

responses does, however, not preclude a postural prioritization hypothesis. The same studies 

showed that typically the tracking task was paused. Even though the postural response was 

affected by concurrent tracking task demands, tracking was paused to in order to prioritize the 

postural response. Thus, postural processes may have had privileged access to central processing 

mechanisms (Pashler, 1984, 1994; Pashler & Johnston, 1989). 

The results showed that postural control was prioritized even when the nature of the 

impending postural stimulus was known, and was non-threatening to postural stability. In the RT 

baseline condition only platform vibrations were presented. Subjects were aware of the nature of 

these trials, and stabilizing postural reactions were not required. Yet, RTs showed a similar 

temporal and stimulus order effect as the conditions in which the platform stimuli were randomly 

mixed. This result was similar to previous findings (Redfern et al., 2002), when small platform 

movements (0.64 cm) followed the same trend in RT as when the platform translations were 

rather large (3.2 cm) and destabilizing. This suggests that it is not necessarily the supposed threat 

to postural stability that evokes a postural prioritization effect, but rather the perception and 

anticipation of a postural stimulus per se. 

The results of this study have so far shown that a bias in preparation and central processing 

toward posture characterizes the interference between postural adjustments to floor translations 

and speeded responding to environmental stimuli. This postural preparation effect is evoked even 

if platform movements are known to be non-threatening, which suggests that perception of 

postural stimuli is an essential component of dual-task postural control. The prioritization of 

postural control entails anticipation of the impending, and evaluation of the ongoing postural 

stimulus, associated with biomechanical adaptations and selection of motor programs that are 

optimized for the more challenging postural stimuli. This preparatory effect might, however, be 

specific to the particular type of postural perturbations used in this study. Nonetheless, postural 
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prioritization is perhaps also of essence in static posture. 

A majority of postural dual-task studies have examined rather static postural control with a 

substantially less chance of destabilization. Postural prioritization may play less of a dominant 

role in this. However, there is some incidental evidence that posture in these situations is 

prioritized as well. For example, when people sway toward the outer boundaries of their base of 

support, RTs significantly increased for older adults (Teasdale et al., 1993). Thus, when the 

chance of postural destabilization increased, IP task performance deteriorated. In an experiment 

by Brown, Sleik, Polych and Gage (2002), a platform with the subject on it was lifted from the 

ground, and the subject was placed either near the edge or more central on the platform. While 

this elevated position does not increases the chances of destabilization per se, the anxiety that 

this elevated position may induce, may lead to a perception of postural threat and prioritization 

of postural control. Indeed the results of this study showed that when the posture platform was 

elevated, specifically in older adults, IP task performance deteriorated and sway was minimized. 

An index based on the relative changes in IP task performance and sway showed that with 

increasing platform elevations postural control was prioritized over IP task performance. This 

implies that even the perception of postural threat may cause a prioritization of postural control 

with subsequent consequences for IP task performance. Thus, there is some evidence that in less 

exigent posture tasks, postural control is prioritized. 

While this study has shown that postural prioritization may play a dominant role in the 

interaction between postural processes and cognitive processing, we cannot state that this 

exclusively determines the interaction. In situations when posture-first is less relevant, such as in 

quiet unperturbed standing or in less vulnerable groups, IP task processes may still interfere with 

postural control at other levels. This research has shown however, that central interactions 

between IP tasks and postural control can never be considered without taking in consideration 

the threat to postural stability of the postural manipulation. 
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Chapter 7 

General discussion 

 

Over the last twenty years an increasing number of studies have emerged that examined the 

interaction between IP task performance and postural control. Typically, sensory systems that are 

essential to postural control (i.e. visual, proprioceptive, and vestibular) were manipulated and the 

reciprocal effects of (sensory specific) IP tasks were explored. The results of these studies 

provided ample evidence that there are reciprocal interaction effects between posture tasks and 

IP tasks. These interaction effects are usually framed in limited capacity theories of dual-task 

control (Kahneman, 1973; Wickens, 1980; Wickens, 1992). 

A limited capacity view, especially as laid out by Kahneman, may not fully account for these 

interaction effects. A review of the literature (Chapter 2) has shown that specific predictions that 

can be derived from this theory were not confirmed in postural dual-task experiments. Increasing 

task difficulty (Dault, Geurts et al., 2001; DiDomenico & Nussbaum, 2005), instruction (Mitra & 

Fraizer, 2004), and practice (Pellecchia, 2005) did not alter dual-task performance to the extent 

that could be expected from a limited capacity perspective, at least as laid out in Kahneman’s 

theory. A review of studies that used Brooks spatial and non-spatial memory tasks (Ehrenfried et 

al., 2003; Kerr et al., 1985; Maylor et al., 2001; Swan et al., 2004) which could serve as test of 

Wickens’ capacity theory, did not provide evidence that would support that theory either. With 

some exceptions (e.g. Pellecchia) the validation of the concepts of (limited) capacity as a 

restrictive factor in postural dual-task processing has often been a secondary objective in the 

postural dual-task literature. Rather, capacity models were used as an explanatory vehicle for 

apparent interaction effects. More often, the primary interest of most of the postural dual-task 

studies was the effect of an IP task on sensory aspects of postural processing, which was 

described from a more phenomenological perspective. 

Further review of the literature showed that IP task processing demands interact with all 

sensory aspects of postural control. However, more specifically, sensory elements of IP task 

requirements have perhaps no common elements with sensory aspects of postural control. Quite 

a few studies have explored the effects of visuospatial (memory) processing on postural control. 
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Typically, an IP task with strong visual processing elements is contrasted with a non-visual IP 

task, and effects of both tasks on postural sway are examined. Commonly used IP tasks were the 

Brooks spatial and non-spatial memory tasks (Brooks, 1967), and auditory and visual RT tasks. 

Results of these studies showed contradicting results on both postural sway and IP task 

performance (Ehrenfried et al., 2003; Hunter & Hoffman, 2001; Kerr et al., 1985; Redfern, 

Jennings et al., 2001; Swan et al., 2004; Vuillerme et al., 2000). Thus, there is no strong evidence 

that specific components of visuospatial IP processing interferes with visuospatial aspects of 

postural control processing. Nonetheless, there was some evidence that only particular IP task 

processing mechanisms may have affected postural control (Maylor et al., 2001). However, a 

continuous task design which is typically associated with postural-dual task studies prevents a 

more fine-grained analysis of underlying postural and IP task processing mechanisms. 

In this thesis an alternative method was introduced to study the postural dual-task interaction. 

This method was based on the single-channel model of dual-task interference, which allows a 

closer examination of the temporal dynamics between two tasks. In short, two speeded response 

tasks are presented consecutively with minimal time separating these two tasks. The results 

typically show that RTs of the first task are unaffected, while RTs to the second stimulus are 

affected as a function of delay time (or Stimulus Onset Asynchrony; SOA) between the first and 

second task. At short time delays RT is usually slower than at longer time delays. This effect is 

referred to as the Psychological Refractory Period (PRP) effect, and has been explained by the 

inability of the second task to utilize a certain processing mechanism while the first task has this 

mechanism in use. As a result, processing of the second task is postponed until the first task has 

completed this (single-channel) stage of processing. We applied this methodological paradigm to 

dual-task postural control. In general, we combined fast destabilizing forward and backward 

platform translations with RT stimuli for our studies. 

The results of our first study (Chapter 4) showed that a single-channel may play a role in the 

postural dual-task interaction. In this study the platform stimulus was presented primarily before 

the RT stimulus, which was either a visual or an auditory stimulus. Generally, the onset to the 

postural response as a function of delay time was not affected, while the RTs in response to the 

RT probe showed a PRP like effect. These findings are typical of those in PRP design 

experiments (Pashler, Johnston, & Ruthruff, 2000), and seem to suggest that a single–channel 

may limit the concurrent processing of postural and IP tasks. 
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In addition, the results in chapter 4 showed that the postural task may have different effects 

on the sensory processing demands of the IP task. At a time delay (SOA) of 100 ms between the 

platform translation and RT stimulus, RTs for the auditory stimulus were similar to RTs from the 

visual stimulus, while there was a difference between visual and auditory RTs at other SOAs. 

This might be interpreted as facilitation of visual task processing, or inhibition of auditory task 

processes at that specific SOA. Interestingly, these sensory effects were not replicated in our 

other two studies (chapters 5 and 6). However, our other studies used different SOAs and 

different perturbation magnitudes. While not quite clear whether this sensory effect may have 

been a genuine effect or an anomaly, this does demonstrate that the experimental design 

associated with the PRP effect is an adequate tool to discern small effects that may be fleshed out 

in a continuous task design. 

The underlying nature of the single-channel was further probed in Chapter 5. A processing 

mechanisms that ‘translates’ a stimulus into an appropriate response, the so-called ‘decision’ or 

‘response-selection’ mechanism has been hypothesized to be the ‘single-channel’ in dual-task 

processing. The inability of this mechanism to process more than one task at a time, forces the 

second task into a processing postponement when the first task already has access to that 

mechanism. On that account, a facilitation of ‘decision’ making for the first task should reduce 

the processing demands for the decision mechanism of that task, and thus have facilitatory 

effects on both the first and the second task. To test this hypothesis, we provided advance 

congruent information on the nature of the upcoming platform translation. Informative cues were 

presented before the platform translation that either provided information about direction and 

onset or only about onset of the platform translation. 

Comprehensive advance information on the nature of a platform translation facilitates IP task 

performance. The fastest RTs were when the informative cue held information about both timing 

and translation direction of the platform. This result initially confirms the notion that a response-

selection bottleneck may play a role in the postural dual-task interaction. However, some of the 

results presented did not follow that hypothesis. First, when informative information about only 

the timing of the onset of the platform movement was provided, RTs were not any faster than 

when no informative cue was provided. Secondly, the postural response was not facilitated by 

advance information. Contrary, postural responses were marginally delayed when a cue was 

presented, and were as fast as baseline responses when no cue was presented. Taken together 
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these two results suggest that other mechanisms may play have played a role as well. In 

particular, we hypothesized that postural control may have been strategically defined as primary 

by the participants, which implies that the postural dual-task interaction may not be identified by 

a structural processing interference. 

A ‘posture-first’ principle is postulated as an alternative hypothesis for the postural dual-task 

interaction. Unlike other sensorimotor tasks that are typically examined in dual-task studies, the 

exigent nature of postural control may require prioritized access to central processing. Especially 

in vulnerable populations, the consequences of losing balance and falling are dire, and the 

emergent nature of postural control demands that any other simultaneous task cede control to 

posture. As such the dual-task interaction is perhaps not the result of a structural interference (or 

capacity limitations for that matter), but rather dominant processing demands by the postural 

control system. 

Certain evidence for a posture-first principle was found in the results of chapters 4 and 5. 

First, in our first PRP design experiment (chapter 4) an RT stimulus was occasionally presented 

shortly (100 ms) before the platform translation. Even though the RT task was at that instance 

the first task, RTs to the stimulus were about similar as RTs to stimuli presented immediately 

after the translation, as if there were a single-channel. Furthermore, for that stimulus the postural 

task was the second task, however, postural responses were not affected, as would be expected 

from a single-channel model. Secondly, in the experiment described in chapter 5, we 

occasionally presented a so-called catch trial. In that case, the postural translation was omitted 

and only a RT stimulus was presented. Typically, RTs for these catch trials were 

disproportionally long. We hypothesized that both results showed that task processing may be 

geared toward the postural task. A sudden reversal of task order or a sudden omission of the 

postural task seems particularly detrimental for IP task performance, however not for the postural 

response; a prioritization of postural control. Notwithstanding, these experiments have not 

proven prioritization of postural control, largely as our focus was on the importance of 

preparation in postural dual-task performance (De Jong, 1995; Gottsdanker, 1970; Gottsdanker, 

1979).  

Claims of postural prioritization versus single-channel processing were further examined in a 

PRP-like experimental design in chapter 6. To further examine the single-channel claim of 

postural dual-task interference, the order in which the stimuli were presented was further 
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examined. In the two previous chapters the platform translation was predominantly presented 

before the RT stimulus, and the timing of the postural response was generally not affected as a 

function of time delay between postural stimulus and RT stimulus, while the RTs showed mostly 

a PRP like effect. Theoretically, an opposite effect should be expected if the order of 

presentation would be reversed between the platform stimulus and the RT stimulus, i.e. a PRP 

like effect for the timing of the postural response and unaffected RTs when the RT stimulus is 

presented first. Furthermore, postural prioritization was examined by randomly alternating 

platform vibrations with platform translations. 

The results of chapter 6 suggested that postural prioritization defines the interaction between 

platform translations and IP tasks. RTs for the IP task stimuli presented before the platform 

perturbation were equal to RTs for stimuli presented shortly after the platform translation. This 

indicates that processing of IP task requirements may be delayed up until a platform perturbation 

has occurred (pre-perturbation RTs) and is in the later stages of the postural response (i.e. RTs 

only decreased at SOAs of 125 ms and 325 ms). Furthermore, the onset of the postural response 

was not delayed as a function of SOA, even when the postural task was presented after the RT 

stimulus. This result was seen in our previous study, and the absence of such a processing delay 

argues against a single processing channel. The amplitude of the postural response did however 

change as a function of SOA in trials when the RT stimulus was presented first. This change was 

most pronounced when the SOA between the RT stimulus and the postural stimulus was the 

longest. An identical effect was found when the RT was presented, but with no reaction required. 

Thus, environmental information (i.e. RT stimuli) was used to scale the postural response. 

However, IP task requirements were secondary to postural stability; a posture-first principle. 

Further evidence for postural prioritization could be found in the RT results for the different 

platform stimuli. RTs for trials in which platform vibrations were presented were higher than 

trials in which platform translations were presented. We hypothesize that this was the result of 

postural preparation toward the platform translation with the highest threat to postural stability. 

With an even probability of occurrence, preparation should not be biased toward one platform 

stimulus or the other. However, these results imply that preparation was biased toward the 

platform translation. The inhibition of prepared translation responses, may delay IP task 

processing when a vibration is encountered. However, RTs can be relatively fast when a 

translation is presented since postural reactions were already prepared. Postural control prepares 



Chapter 7 

- 106 - 

for destabilization when this can be expected; a posture-first principle. 

The exact nature of a ‘postural prioritization mechanism’ is unknown. However, this 

mechanism may have common elements with processes required by ‘normal’ sensorimotor tasks. 

A single-channel may, after all, define the interaction between postural control processes and IP 

task requirements, but with posture always having priority. The results of our experiments, and 

in particular our last experiment, provided evidence for a postural prioritization effect in postural 

control. The PRP like effect that was found for RTs for stimuli presented after the postural 

perturbation should then be interpreted as the result of a posture-first effect, and not a single-

channel effect in the traditional understanding of it. In the initial phases of the postural reaction, 

the threat and the nature of the postural perturbation may be assessed, and this assessment may 

postpone processing of any other processing. Once the postural perturbation is deemed ‘safe’, IP 

task processing may commence. This scenario resembles that of a single-channel model in that 

one process stream has unique access to a certain processing mechanism that is needed by both 

tasks. However, instead of queuing of processing streams, which may occur in less exigent 

sensorimotor task processing, postural control may have overriding access to this mechanism. As 

was evident from chapter 5, facilitation of postural control by facilitation of postural decision 

making has obvious advantages for IP task processing. I hypothesize that prioritization of 

postural control partially entails the same mechanism that maps stimuli to responses in less 

exigent sensorimotor tasks. 

Postural prioritization is perhaps also of essence in static posture. In our experiments we used 

destabilizing platform perturbations to test the postural dual-task interaction. However, a 

majority of studies have examined rather static postural control with a substantially less chance 

of destabilization. Postural prioritization may play less of a dominant role in this. However, there 

is certain evidence that posture in these situations is prioritized as well. For example, when 

people sway toward the outer boundaries of their base of support, RTs significantly increased for 

older adults (Teasdale et al., 1993). Thus, when the chance of postural destabilization increased, 

IP task performance deteriorated. In an experiment by Brown, Sleik, Polych and Gage (2002), a 

platform with the subject on it was lifted from the ground, and the subject was placed either near 

the edge or more central on the platform. While this elevated position does not increases the 

chances of destabilization per se, the anxiety that this elevated position may induce, may lead to 

a perception of postural threat and prioritization of postural control. Indeed the results of this 
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study showed that when the posture platform was elevated, specifically in older adults, IP task 

performance deteriorated and sway was minimized. An index based on the relative changes in IP 

task performance and sway showed that with increasing platform elevations postural control was 

prioritized over IP task performance. This implies that even the perception of postural threat may 

cause a prioritization of postural control with subsequent consequences for IP task performance. 

Thus, there is some evidence that in less exigent postural tasks, postural control is prioritized, 

and that IP task deterioration may be the result of this prioritization. Future research will have to 

identify the threat to postural stability of the postural stimulus, whether actual or perceived, to 

understand the postural dual-task interaction. 

In conclusion, the work in this thesis has shown that postural prioritization likely defines the 

interaction between postural control and IP task requirements. This finding has clinical 

implications. Perhaps part of incidental falls in older adults may be caused by a breakdown of 

this ‘posture first’ mechanism. Indeed, research has shown that increased falling associated with 

Parkinson disease may be the result of an impaired ‘posture-first’ mechanism (Bloem, 

Grimbergen, van Dijk, & Munneke, 2006). If sensorimotor tasks and this mechanism share 

common pathways, an IP task that probes these shared mechanisms may be a good predictor of 

future falls. Further research is also needed to better understand the postural dual-task 

interaction. While our studies have shown that postural prioritization may play a dominant role 

in this interaction, we cannot state that this exclusively determines the interaction. In situations 

when posture-first is less relevant, such as in quiet unperturbed standing or in less vulnerable 

groups, IP task processes may still interfere with postural control at other levels. This research 

has shown however, that central interactions between IP tasks and postural control can never be 

considered without taking in consideration the threat to postural stability of the postural 

manipulation. Posture first, think later! 
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Abstract 

Incidental falls are the leading cause of accidental death for persons 65 years or older in both 

the United States and the Netherlands. The causes for falling are multifactorial and range from 

slipping on icy sidewalks to sedative related drowsiness. Cognitive factors are increasingly 

recognized as another important contributor to falls. For example, results on a ‘walking while 

talking’ test have shown to be a good predictor of falls in older adults. This and other insights 

has in the last twenty years led to a surge in the number of studies that explored the underlying 

interactions between upright standing and simultaneously performing another task. In this 

dissertation a unique experimental paradigm was used to explore this dual-task interaction. This 

paradigm is not commonly applied in other so-called ‘postural dual-task’ studies. 

The postural dual-task literature is characterized by a multitude of different experimental 

designs that explored the postural dual-task interaction. Typically, a postural challenge, such as 

for example standing on foam with the eyes closed, is combined with a so-called information 

processing task, such as counting backwards by sevens. In general, these studies found that 

subjects’ balance changed when simultaneously performing an information processing task. At 

the same time, postural challenges often affected performance on the information processing task 

as well. In general, the interaction effects between the postural challenge and the information 

processing task were explained in terms of capacity limitation theories. According to these 

theories, the brain is a capacity limited ‘processor’. There are only a finite number of 

‘calculations’ or processing that can simultaneously be performed. When the combined 

processing requirements of two tasks exceed this limit, task performance on one or even both 

tasks will deteriorate. In chapter 2 we reviewed the postural dual-task literature, and evaluated 

the merit of capacity theories in postural dual-task performance. It was concluded that not all 

results could be explained from a capacity limited perspective. A different experimental 

paradigm was offered that provided an alternative explanation for the interaction between 

postural and cognitive control processes. 

Opposite to the capacity theories is the single-channel model of dual-task interference. While 

the brain is undoubtedly capacity limited, proponents of the single-channel model argue that 

interaction effects between two tasks are not the result of capacity limitations, but rather the 

result of a more structural inability of the brain to perform common processing elements of both 
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tasks at the same time. A unique methodological design is used to test this claim. Typically, in 

experimental designs that are associated with capacity theories -- and especially in postural dual-

task studies -- two tasks are performed simultaneously, over a more prolonged time. In the 

experimental design associated with the single-channel model, two tasks are presented 

consecutively with only minimal time (milliseconds) separating the first task and the second task. 

Typically, these tasks are reaction time (RT) tasks, which require speeded responses to a 

stimulus. In this dissertation, this experimental paradigm was used to examine single-channel 

claims in postural dual-task control. 

In order to apply this experimental paradigm in postural control, we combined fast floor 

movements with RT tasks. A so-called posture platform was used that can suddenly move 

forward or backward. Depending on the direction of this platform movement, the body sways 

forward or backward and fast muscle responses of the legs are needed to prevent from falling. In 

chapter 3 the latency of muscle responses were compared to the latency of foot pressure 

responses on the platform. It was concluded that the onset of plantar foot pressure responses 

(Center of Pressure, or COP) are representative of muscle onset responses. 

In the study described in chapter 4, these fast platform translations were followed by a RT 

task. The results of that study showed that a single-channel may indeed define the interaction 

between postural control processes and a RT task. Reaction times for the RT task were relatively 

high when the RT task was presented immediately after the postural perturbation and were lower 

when the RT task and the platform movement were somewhat separated in time. The onset of the 

postural response remained unchanged as a function of the time between the RT task and the 

platform translation. These results replicated findings that were seen before in more ‘traditional’ 

dual-task experiments that originated in the cognitive psychology dual-task literature. 

The cognitive psychology literature suggested that central processing mechanisms that are 

involved in decision making regarding the appropriate responses for a task may create the single-

channel processing mechanism. When one task is making a ‘decision’ regarding an appropriate 

response, the other task cannot access this mechanism and has to ‘wait’ for the first task to 

complete this process. When two tasks are presented shortly after each other, the first task is still 

occupying this mechanism while the second task already needs access to it. It follows that when 

decision making of the first task would be made easier, both the first task and the second task 

should be performed better; i.e. the first task has already had help in the decision making and 
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consequently decision making of the second task will not be postponed as long. In chapter 5 this 

idea was applied, and advance information about the timing and the direction of the platform 

movement was provided. The results of this study suggested that decision making may indeed be 

important in postural dual-task control. 

While the results from chapter 4 and 5 seemed to confirm claims of a single-channel in 

postural dual-task control, there were some observations that argued against this. More 

specifically, RTs were very high when the platform translation was suddenly omitted, or when 

the RT task was presented before the platform translation. These results suggested that the 

system was more prepared for the postural stimulus than for the RT task. This phenomenon is 

called postural prioritization or a ‘posture first’ principle. The consequences of falling are dire, 

especially in people who are more vulnerable, such as for example older adults or patients with 

Parkinson disease, and it can be hypothesized that postural control takes priority in cases when 

there might be a serious challenge to balance. 

The posture-first principle was further examined in chapter 6. Platform translations were 

alternated with postural stimuli that posed no threat to postural stability. The results of that study 

suggested that, indeed, postural control is prioritized and that the interaction between postural 

control processes and information processing task processes is defined by this prioritization 

effect. However, it could be argued that this particularly occurs in postural challenges that pose a 

high threat to postural stability, such as platform translations. Select findings of postural studies 

pertaining to quiet stance suggest, however, that postural prioritization may play a role in quiet 

stance as well. Notwithstanding, central interaction effects other than postural prioritization may 

play a role in postural dual-task control, but more research is needed to unravel those. 

 The studies presented in this dissertation have shown that postural prioritization may play an 

important role in the postural dual-task interaction. This implies that future studies need to take 

into account the threat to postural stability and the extent of postural prioritization in order to 

fully understand this interaction. This finding has also clinical implications. Perhaps part of 

incidental falls in older adults and patients may be caused by a breakdown of this ‘posture first’ 

mechanism, i.e. one cannot prioritize or recognize to prioritize postural control when one needs 

to. Dual-task training should be developed that teaches patients to recognize imminent dangers to 

their balance and how to prioritize postural control amid many other inevitable concurrently 

ongoing tasks. 
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Samenvatting 

Vallen is in zowel de Verenigde Staten als Nederland de voornaamste accidentele 

doodsoorzaak voor personen van 65 jaar en ouder. Er zijn vele faktoren die bijdragen tot vallen, 

en dit kan varieren van bijvoorbeeld uitglijden op een gladde stoep tot suffigheid veroorzaakt 

door kalmeringsmiddelen. Cognitieve faktoren worden in toenemende mate aangedragen als een 

risikofactor voor vallen. Resultaten van een ‘praten terwijl men loopt’ test blijken bijvoorbeeld 

een goede voorspeller van toekomstig vallen in oudere mensen. Deze en andere inzichten hebben 

in de afgelopen twinig jaar tot een toename geleid in het aantal studies dat de wisselwerking 

tussen rechtop staan en het gelijktijdig uitvoeren van een andere taak onderzochten. In dit 

proefschrift werd een, voor de evenwichts-dubbeltaak literatuur, uniek experimenteel paradigma 

gebruikt om deze wisselwerking nader te bestuderen.  

In de evenwichts-dubbeltaak literatuur worden verschillende experimentele testmodellen 

gebruikt om de wisselwerking tussen rechtop staan en het uitvoeren van een neventaak nader te 

bestuderen. Vaak wordt een provocatie van het evenwicht, zoals bijvoorbeeld met de ogen dicht 

op een schuimkussen staan, gecombineerd met een zogenaamde ‘informatieverwerkingstaak’, 

zoals bijvoorbeeld met zevens terugtellen. Deze studies vonden dat de handhaving van het 

evenwicht veranderde terwijl proefpersonen tegelijkertijd een informatieverwerkingstaak 

uitvoerde. Andersom beïnvloedde de evenwichtstaak ook de uitvoering van de 

informatieverwerkingstaak. Deze interacties werden in het algemeen in termen van 

capaciteitstheorieën verklaard. Volgens deze theorieën worden de hersenen opgevat als een 

processor met een beperkte capaciteit. Dit betekent dat er slechts een gelimiteerd aantal 

‘berekeningen’ of taakprocessen tegelijkertijd uitgevoerd kunnen worden. Wanneer de 

gecombineerde hoeveelheid taakprocessen van twee taken deze limiet overschrijdt, dan zullen de 

prestaties op één van beide of beide taken in het gedrang komen. In hoofdstuk 2 hebben we de 

evenwichts-dubbeltaak literatuur doorgenomen en de verdiensten van capaciteitstheorieën in 

evenwichts-dubbeltaken geëvalueerd. De conclusie was dat niet alle resultaten binnen het 

perspectief van capaciteitslimitaties verklaard kunnen worden. Een alternative theorie werd ter 

verklaring aangevoerd. 

Het ‘single-channel’ model is een dubbeltaak theorie die uitgaat van een geheel andere 

gedachte dan gelimiteerde capaciteitstheorieën. Alhoewel de hersenen ongetwijfeld beperkt zijn 
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qua capaciteit, beargumenteren voorstanders van het ‘single-channel’ model dat wanneer twee 

taken niet tegelijkertijd optimaal kunnen worden uitgevoerd, dit het resulataat is van strukturele 

beperkingen en niet van een beperkte hoeveelheid beschikbare capaciteit. Een uniek 

methodologisch testmodel wordt gebruikt om deze stelling te testen. In experimentele 

paradigma’s die geassocieerd zijn met capaciteitstheorieen – en vooral in evenwichts-dubbeltaak 

experimenten – worden twee taken voor een langere tijd tegelijkertijd uitgevoerd. In het 

experimentele paradigma van het ‘single-channel’ model, daarentegen, worden twee taken vlak 

achter elkaar gepresenteerd, met slechts een klein tijdsverschil tussen de eerste en de tweede 

taak. Normaal gesproken zijn dit reaktietijdtaken (RT taak), waarbij snel op een bepaalde 

stimulus gereageerd moet worden. Dit experimentele paradigma werd in dit proefschrift 

toegepast om de ‘single-channel’ hypothese in evenwichts-dubbeltaken te onderzoeken. 

Om dit experimentele model in evenwichts-dubbeltaken te kunnen gebruiken werden snelle 

vloerbewegingen gecombineerd met een RT taak. Een zogenaamd evenwichtsplatform dat 

plotseling naar achteren of naar voren kan schuiven werd hiervoor gebruikt. Afhankelijk van de 

richting waarin het platform schuift, beweegt het lichaam met een ruk naar achteren of naar 

voren, en snelle aktivaties van de beenspieren zijn nodig om vallen te voorkomen. In hoofdstuk 3 

worden aktivaties van deze spiersreakties vergeleken met aktivaties van digitale signalen die 

veroorzaakt worden door de neerwaartste druk die de voeten op het platform uitoefenen. De 

aktivatie van voetdruk reacties (Center of Pressure; COP) zijn representatief voor de 

spierreacties. De COP aktivatie kan dus gebruikt worden als een temporele maat in evenwichts-

dubbeltaak studies. 

In het experiment in hoofdstuk 4 werden deze snelle verschuivingen van het 

evenwichtsplatform opgevolgd met de presentatie van een RT taak. De resultaten van dat 

experiment lieten zien dat een ‘single-channel’ inderdaad ten grondslag kan liggen aan de 

interactie tussen evenwichtsprocessen en een RT taak. Reaktietijden voor de RT taak waren 

relatief hoog wanneer de RT taak onmiddelijk na de evenwichtsverstoring werden gepresenteerd, 

en namen af met een langer interval tussen de taken. De aanvang van de evenwichtsreaktie 

veranderde niet als een funktie van de tijd tussen platform verschuiving en de RT taak. Deze 

resultaten leken op resultaten die men typisch vindt in dubbeltaak-studies in de cognitieve 

psychologie, en gaven aan dat een single-channel inderdaad ten grondslag aan de evenwichts-

dubbeltaak interaktie kan liggen. 
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Uit cognitieve-psychologie studies bleek dat centrale taakprocessen, zoals het nemen van 

beslissingen, als een ‘single-channel’ zouden kunnen fungeren. Dit betekent dat wanneer in een 

taak een beslissing wordt gemaakt betreffende de geschikte reactie, een andere taak geen beroep 

kan doen op dit centrale mechanisme en daarom moet ‘wachten’ totdat de eerste taak dit 

mechanisme vrij geeft. Dus wanneer twee taken kort na elkaar gepresenteerd worden, bezet de 

eerste taak dit mechanisme nog terwijl de tweede taak het reeds nodig heeft. Hieruit volgt dat 

wanneer het beslissingsprocess van de eerste taak gemakkelijker gemaakt wordt, de resultaten 

voor zowel de eerste als de tweede taak beter zullen moeten zijn. Het beslissingsproces van de 

eerste taak is makkelijker en neemt daarom minder tijd in beslag en als gevolg daarvan behoeft 

het beslissingsproces van de tweede taak minder lang te wachten en kan de tweede taak sneller 

worden afgerond. Dit idee is onderzocht in hoofdstuk 5. Proefpersonen kregen voor de aanvang 

van iedere trial informatie over de aanvang en de bewegingsrichting van het evenwichtsplatform. 

De resultaten van deze studie gaven aan dat beslissingsprocessen inderdaad een belangrijke rol 

spelen in evenwichts-dubbeltaken. 

Alhoewel de resultaten van hoofdstuk 4 en 5 de hypothese van een ‘single-channel’ in 

evenwicht dubbel-taak controle leken te bevestigen, waren er enkele resultaten die daar niet mee 

strookten. Bijvoorbeeld, RTs waren erg lang als de platformbeweging plotseling niet uitgevoerd 

werd, of wanneer de RT taak voor de platformbeweging plaatsvond. Deze resultaten 

suggereerden dat men meer voorbereid was voor de evenwichtstaak dan voor de RT taak. Dit 

phenomeen duidt op prioritizering van evenwicht, of anders gezegd een ‘evenwicht-eerst’ 

principe. Bij een verstoring van het evenwicht loopt men het risico te vallen en dat kan ernstige 

gevolgen hebben, vooral bij kwetsbare groepen zoals bijvoorbeeld oudere mensen en patiënten 

met de ziekte van Parkinson. Het ligt daarom voor de hand te veronderstellen dat 

evenwichtshandhaving meer prioriteit krijgt dan een RT taak wanneer er een gerede kans bestaat 

om het evenwicht te verliezen. 

Het ‘evenwicht-eerst’ principe werd verder onderzocht in hoofdstuk 6. 

Platformverschuivingen werden afgewisseld met evenwichtsstimuli die geen bedreiging voor het 

evenwicht vormden. De resultaten van deze studie gaven aan dat evenwicht inderdaad wordt 

geprioritizeerd en dat de interactie tussen evenwichtsprocessen en informatieverwerkings-

processesen bepaald wordt door dit prioritizeringseffekt. Echter, er kan ook worden 

beargumenteerd dat dit vooral gebeurt bij verstoringen van het evenwicht die een grote 
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bedreiging voor de stabiliteit vormen, zoals platformverschuivingen. Resultaten van studies 

gericht op onverstoord rechtop staan suggereren echter dat prioritizering van evenwicht ook in 

geval van normaal rechtop plaatsvindt. Naast een ‘evenwicht-eerst’ principe kunnen 

vermoedelijk andere centrale effekten optreden die een belangrijke rol spelen in evenwichts-

dubbeltaken. Meer onderzoek is nodig om dat verder uit te zoeken. 

Dit proefschrift heeft aangetoond dat een evenwicht-eerst principe een belangrijk rol kan 

spelen in het handhaven van evenwicht en het gelijktijdig uitvoeren van een andere taak. Dit 

betekent dat toekomstige studies zowel mogelijk evenwichtsverlies als de mate van prioritizering 

van het evenwicht in ogenschouw moeten nemen om de evenwicht-dubbeltaak interactie volledig 

te begrijpen. Dit resultaat heeft ook klinische implicaties. Wellicht kan vallen bij oudere mensen 

en patiënten verklaard worden door het tekortschieten van het ‘evenwicht-eerst’ mechanisme. 

Men is dan niet in staat om het evenwicht daadwerkelijk te prioritizeren of, nog verdergaand, om 

zich te realiseren wanneer men evenwicht moet prioritizeren. Men zou een dubbeltaak-training 

kunnen ontwikkelen waarin patienten wordt geleerd om dreigende evenwichtsverstoringen beter 

te onderkennen en om evenwicht te prioritizeren. 
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