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Abstract 

 

Attributions of age-related deficits in motor function to structural changes are 

compromised once the elderly exhibit lower error rates. This is because performance 

decrements observed in older adults are attributed to inferred strategic preferences for 

accuracy over speed. To understand genuine age differences in performance, we argue in 

the following theoretical paper, that research needs to resolve methodological 

shortcomings and account for them within theoretical models of aging.  Accounts of 

aging need to directly manipulate or control strategic differences in performance while 

assessing structural deficits. When this is done, age-related changes in motor control 

resemble the intermittencies of control seen in basal ganglia disorders.  Given 

homologous circuitry in the basal ganglia, such observations could generalize to age-

related changes in cognitive and emotional processes. 
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Age-related slowing of movement as basal ganglia dysfunction. 
 

 

 

 Psychomotor function is a major contributor to the independence of older adults.  

Unfortunately accounts of psychomotor change with age are complicated by difficulties 

in unequivocally addressing age-related change. Although gerontologists may wish to 

identify real structural deficits that can account for the behavior of older adults, the 

ability to address these deficits is limited by the ability to draw inferences from 

observable behaviors in the light of potential strategic variation (1).  Such difficulties 

then cause problems in the tractability of models of age-related deficits, and even when 

specific behaviors are readily observable, there may be problems of generalisability when 

extrapolating to other domains.  

Models are possible, but there are problems of testability. This is because 

performance differences may simply reflect a strategic preference for accuracy over 

speed.  As there is a tendency for differences in strategy to be inferred from performance 

decrements, this undermines any attributions of age-related changes in performance to 

structural changes. For there to be progress in the understanding of genuine age 

differences in performance, accounts of aging need to address strategic differences in 

performance, while assessing structural deficits.  

This theoretical paper therefore seeks to address these problems by incorporating 

strategic variation into accounts of age-related changes in performance, delineating 

means whereby this can be addressed theoretically. By means of a discussion of empirical 

research, this paper demonstrates how strategic differences can be managed through the 

use of Performance Operating Characteristics. Such solutions are therefore tractable and 
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testable.  Studies that control strategy reveal that the psychomotor decline associated with 

aging exhibits similarities to the failures of automaticity seen in basal ganglia disorders.  

As will be explained, although these issues are readily addressed in the domain of 

movement, the motor circuits of the basal ganglia are homologous to the circuits 

associated with cognition and emotion (2), and so an understanding of aged motor 

function has the potential to generalize to other domains. This implies that similar 

mechanisms could apply for other processes which may be compromised in aging such as 

cognition or emotion.  

 

Strategic differences between older and young adults? 

Researchers studying age-related differences in performance have suggested that 

slowing of the speed of performance of older adults, when compared to the performance 

of young adults, is in part due to a change in performance strategy (3, 4). In particular, 

these authors have postulated that older adults select a strategy in which greater emphasis 

is placed on response accuracy, with a resulting decrement in speed of performance.  

Differences noted in the performance of young and older adults are therefore often 

considered to reflect a preference for caution over speed. Unfortunately, such an 

approach is ad hoc.  Once the data is collected, differences between young and older 

adults can then be assigned a hypothetical value for a speed accuracy trade off (i.e. slow 

and cautious, versus fast and careless). Only if accuracy is documented and the elderly 

are slow and inaccurate and the young are fast and accurate, can a difference in 

processing ability be firmly announced (5). Otherwise, strategic differences obscure 

interpretations of data as age-related differences in performance can be dismissed as mere 
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strategic variation. This methodological issue hinders the development of accounts of the 

aging process.  

 

Adaptive Control Models 

 

There are classes of simple models available that can incorporate strategic 

differences within a context of reduced functional capacity (e.g. 6).  Such models make 

predictions as to performance at a specific level of caution and level of difficulty (6).  

These adaptive information processing models act to regulate their own performance to 

maintain a controlled quantity (e.g. confidence, accuracy).  For instance, where such 

models detect poor confidence (indicated by poorer balance of evidence for a decision), 

the processing criteria is adjusted upwards so that more information is processed for 

subsequent decisions. 

Such models can address strategic differences.  For instance, predictions can be 

made as to behavior on the basis of high or low caution (6).  Hence such models have 

potential within the context of discussions of strategic differences and age.  For instance, 

confidence covaries with error rates in older drivers (7).  However, models invoking 

adaptive control suffer from problems of testability.  Confidence can be a difficult 

variable to measure and different adaptive models can be very similar in their 

performance (e.g. 6), the issue here being the number of hypothetical variables in relation 

to the number of observable variables (8).  As such, it is better to address age-related 

changes in circumstances where performance can be directly measured and documented. 
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Performance Operating Characteristics 

If there is a strategic preference for accuracy over speed of response with advancing 

age, it can be controlled.  A Performance Operating Characteristic (POC) is one means of 

managing this.  A Performance Operating Characteristic involves the sampling of 

performance under several instructional sets (e.g. instructions for speed or accuracy).  

Speed of performance is then plotted against accuracy (5). Through explicit manipulation 

of instructions or payoffs, one can produce Performance Operating Characteristics 

enabling a determination of performance capabilities over various experimental 

conditions (9). POC methodology incorporates the assumption that human information 

processing has a limited capacity and that multiple processes must compete for limited 

resources (10).  Thus in the context of dual task performance, such that multiple tasks are 

competing for limited resources, the resources required by each task can be calculated. 

This method offers a better way of exploring age-related performance changes.  

 

 

Response Preparation 

 

For example, the following study controls the confounding issue of strategy when 

addressing age-related differences in response preparation. Hitherto, interpretations of 

preparatory effects had been compromised by ad hoc reference to strategic differences. 

Although elderly reaction times are slower, they are sometimes not specifically linked to 

movement parameters, the suggestion being that the elderly are just less willing to 

prepare their responses, preferring instead to guide movements during execution (11). In 

order to ascertain whether older adults are less efficient at programming their movements 
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or just have a strategic preference for online guidance, the degree to which older and 

young adults could program their movements was experimentally manipulated (12). As 

such, in one condition a cue was provided as to target location facilitating response 

preparation, while in another condition no such cue was provided.  The authors noted that 

older adults had difficulty with response preparation, programming and reprogramming. 

When programming of movements was restricted, such that both groups were limited to 

online guidance, the movements of older adults were still less efficient than those of 

young adults. This suggests that older adults have genuine difficulties associated with 

response execution, rather than merely exhibiting a strategic preference for online 

guidance. 

 

Response Execution 

Unfortunately age-related differences in response execution are nevertheless 

associated with suggestions that older adults prefer accuracy to speed (1).  Hence, it has 

been postulated that age-related differences could merely reflect a preference for accurate 

movements at the expense of speed. As indicated previously, such differences in strategy, 

when inferred from the data, can be considered to be ad hoc when explaining age-related 

changes in response execution.  As such, in order to verify the hypothesis that the 

performance changes observed in older adults reflect a change in performance strategy 

(1, 3, 4), performance variables have been explicitly manipulated (13).  

Incorporating the logic of POC methodology to control for strategic differences in 

the performance of elderly participants, performance strategy was dictated (13). Older 

adults were trained to perform at the preferred speed of young adults and it was noted that  



                                                                                           Age-related Slowing     9 

the performance of older adults was more hesitant and involved a greater number of 

submovements than that of young adults. The authors concluded that the performance of 

older adults is actually characterized by motor incoordination as opposed to merely 

representing strategic differences in the form of a preference for slower movement (13). 

Thus even when movement speed is controlled, older adults still have difficulties 

associated with trajectory formation (13). 

To understand trajectory control in the context of the drawing movements of older 

adults, we explicitly manipulated performance variables (14, 15).  In particular, we 

investigated the operation of the 1/3 power law, which describes the relationship between 

geometric properties of a trajectory (radius of curvature) and movement kinematics 

(tangential/angular velocity). We compared the drawing movements of young and older 

adults as a function of a central mechanism, a timing cue, and a peripheral mechanism, 

joint combinations  (14). Central and peripheral variables were explicitly manipulated.  

We dictated the speed of movement performance in order that strategic differences 

would not confound the interpretation of performance (14). The power law broke down in 

older adults under conditions of mechanical limitation suggesting the presence of age-

related degeneration of peripheral mechanisms. Since the power law breaks down in 

older adults under conditions of biomechanical constraint, it provides further possible 

measures for quantifying some age-related motor changes. In particular this suggests that 

the joint combinations used in movement tasks may underpin some performance changes.  

Therefore through the explicit manipulation of performance variables including speed of 

performance and joints used in movement completion, a determination was undertaken as 

to possible mechanisms underlying age-related slowing. Furthermore, kinematic analysis 
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was also undertaken in this study which demonstrated that the movements of older adults 

are less smooth and characterized by a greater number of submovements than young 

adults, even when speed is controlled.  

In general terms, kinematic analysis of the movements of older and young adults 

has revealed a greater number of submovements associated with the performance of older 

adults as compared to young adults (13, 14). The performance of older adults is generally 

poor and hesitant, resembling to some degree the motor behavior of patients with 

movement disorders (16). Instead of a preference for accuracy, we see an intermittency of 

control associated with the movements of the elderly.  This does not seem to be directly 

related to speed of output as even when controlling speed older adults perform a greater 

number of submovements than do young adults at the same speed (13, 14).  Therefore, 

irrespective of whether there is a problem associated with force production, or the 

monitoring of output, older adults engage in more regular "stops" to check, amend or 

update their performance. Note that these are not hypothesized stops but actual 

intermittencies measured in movement trajectories. 

 

Medical Models of Age-related Slowing 

 

In particular, the movements of older adults have some elements in common with 

the movements of patients with Parkinson’s disease.  The movements of older adults are 

slower and there are discontinuities in their trajectories (16). Furthermore, irregularities 

in the accelerative phase has been observed in both older adults (13) and patients with 

Parkinson’s disease (17), even when allowing for differences in movement duration.  

Parkinson’s disease is thought to result from a loss of dopaminergic cells in the 

substantia nigra (for a review see 2), leading to a decrease in levels of brain dopamine.  



                                                                                           Age-related Slowing     11 

Since these neurons then project to the striatum, there is ultimately a disruption of both 

the direct and indirect pathways within the basal ganglia. While Parkinson’s disease is 

better known for its motor excesses, including resting tremor and rigidity, it is the motor 

losses associated with Parkinson’s disease, that include difficulty in the initiation 

(akinesia) and execution (bradykinesia) of movement (17), that are of interest here.  A 

number of parallels have been drawn between Parkinson’s disease and normal aging. 

Firstly, the slowing of speed of processing associated with aging is analogous to the 

motor losses observed in Parkinson’s disease (16). Secondly, there is evidence that there 

is a decrease in levels of brain dopamine in the elderly (18), leading to the assertion that 

age-related motor changes may reflect insufficient dopamine.  

In light of these similarities, Parkinson’s disease has been offered as a potential 

model of age-related slowing of the motor system (16). Although other disease entities, 

including cerebellar dysfunction may be better models of accelerated aging, we will focus 

on Parkinson’s disease.  This is because Parkinson’s disease is currently conceptualized 

as the prototypical motor disorder and hence provides an opportunity for comparison with 

age associated motor deficits.  Further, more advances have been made in the area of 

Parkinson’s disease than in other disease processes.  For instance, there are fewer suitable 

clinical models of cerebellar dysfunction to work with (19).  

The mechanisms that are thought to underlie the motor losses of Parkinson’s 

disease may also explain age-related slowing. Drawing analogies between disease 

processes and age-related changes offers possible therapies for age-related motor changes 

as Parkinson’s disease could provide a testbed for interventions, including the use of 

dopamine agonists, that may serve to ameliorate age-related motor deficits. Thus 
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although age-related slowing has been characterized as a strategic preference for on-line 

control rather than preparation, or accuracy over speed, instead it appears that the 

movements of older adults are excessively hesitant resembling movement observed in 

disease processes (16).  As such, in aging as in Parkinson’s disease, there is the 

suggestion of basal ganglia dysfunction as the neural substrate underlying slowing of 

performance (see 20).  Lower level (subcortical) functions are compromised and hence 

are less reliable.  Therefore the burden of control of performance is increasingly shifted 

to other (higher level) systems. Thus the computational burden on the system is increased 

and performance is compromised due to limited capacity.  

 

Age-related Motor Changes: A Failure of Automatic Processes? 

The functional loss associated with aging and Parkinson’s disease appears to be a 

loss of automaticity.  Hence the nature of automatic processes will be outlined.  The 

acquisition of automaticity appears to be linked to a reduction in global brain activation 

and a shift from cortical structures to subcortical structures, in particular the basal ganglia 

(21).  Indeed, patients with disorders of the basal ganglia (such as Parkinson’s disease) 

exhibit slowing of the initiation and execution of behavior (motor losses) that appear to 

result from a dramatic failure in the acquired forms of automatic behavior (22). As we 

have indicated, there appears to be an analogous loss of automatic processes with 

advancing age.  Indeed, it has been noted that older adults required more training than 

young adults in order to achieve automaticity of performance (23). Furthermore, there 

was greater brain activation associated with automatic processing in the elderly than in 

young adults.  In particular, there was greater activation of the bilateral anterior 
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cerebellum, premotor area, parietal cortex, left prefrontal cortex, anterior cingulate, 

caudate nucleus and thalamus in older adults.  This increase in activation is of great 

interest as automaticity, typically, is associated with a reduction in brain activity (21).  

This suggests that older adults are recruiting additional structures (and hence relying on 

controlled processes) to compensate for the degradation of automatic processes.  This 

greater brain activity adds to the computational burden and taxes limited processing 

resources.  

As such, slowing of speed of processing with age does not appear to represent a 

preference for slower, more accurate movements or a reluctance to plan movements, but 

rather a genuine deficit. A failure of automaticity in older adults could account for age-

related slowing.   

Although a failure of automatic processes has the potential to serve as an 

explanation for age-related motor changes, automaticity itself is a difficult construct to 

measure (21). The classical distinction between automatic and controlled processes relies 

on the defining features of intention, attention and awareness (24), although the construct 

has evolved significantly since its inception. Automatic processes are typically 

conceptualized as fast, obligatory (stimulus-driven) and lacking awareness, whereas 

controlled processes are conceptualized as slow, intentional and aware (24).  

Automaticity, or its absence, has often been inferred from task performance rather 

than being subjected to empirical validation.  In particular, automaticity, or its absence, is 

often inferred from the speed of task performance (25). There is thus a need to search for 

directly observable instances of automatic behaviors to supply some converging lines of 

evidence as to the validity of this position. Fortunately, an examination of postural 
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reflexes in the elderly provides an opportunity for empirically validating the theory that 

age-related slowing derives from the degradation of automatic processes. 

 

 

Deficits in Postural Reflexes in Aging 

 

Reflexes are considered to be prototypical automatic movements. Maintenance of 

an upright posture is considered to be an automatic activity (26). Postural reflexes also 

facilitate the transition from posture to movement. There are two primary types of 

postural reflex activity, anticipatory and reactive. Anticipatory or feedforward processes 

compensate for the destabilization resulting from voluntary movement, whereas reactive 

or feedback activity occurs in response to changes in the environment that require 

postural stabilization (27). Changes in postural reflexes associated with advancing age 

provide an opportunity to explore the operation of automaticity in older adults. Deficits in 

postural reflexes have been observed in the elderly (28) and in patients with Parkinson’s 

disease (29). Postural responses tend to be slower and less reliable with age. Such deficits 

result in difficulties associated with balance and postural adjustments for movement (28). 

Older adults often have difficulty in responding to postural perturbations including 

those that are required on uneven surfaces or moving platforms and may have problems 

integrating reflexes with ongoing activity (30). Problems associated with reflexes 

increase reliance on the visual frame and hence if the visual frame is not straight, they are 

more likely to fall (31).  In this context, vision represents a supervisory control process 

whereas reflexes are considered to be automatic.   

As there is a greater reliance on visual feedback to maintain balance, owing to less 

efficient postural reflexes, balance can be seen as one area where there is a decrease in 



                                                                                           Age-related Slowing     15 

automaticity and an increased dependence on voluntary processes with advancing age 

(30). It has been argued that older adults are unable to automatically activate corrective 

strategies to maintain posture and hence must recruit alternative, less efficient, controlled 

processes to maintain posture (32). The authors have demonstrated that the elderly 

control posture by means of a process of central reorganization, requiring cognitive 

processing, to compensate for impaired postural corrective processes (31).   Such 

corrective responses may be slower (30). 

A consideration of postural reflexes thus reifies the shifting interplay between 

controlled and automatic processes with age. The deficits noted in postural reflexes 

associated with aging, like those associated with Parkinson’s disease, can be attributed to 

basal ganglia dysfunction and decreased dopamine levels (see 33) and hence provide one 

means of empirically validating the failure of automatic processes in elderly populations 

and the greater reliance on controlled processes. A failure of automaticity appears to 

represent one of the mechanisms underpinning age-associated motor slowing and there 

are structural correlates in this case, such as basal ganglia dysfunction that may account 

for these problems. The joints used in movement completion also contribute to such 

changes suggesting that biomechanical mechanisms are, in part, responsible for age-

related performance decrements (14).  

The movements of older adults are associated with a greater number of 

submovements and are more hesitant resembling to some degree the movements 

associated with disease processes and possibly reflecting a shift towards controlled 

mechanisms as automatic mechanisms become less reliable. Since automatic processes 

are thought to be compromised in older adults this has implications for the operation of 
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controlled processes.  Automatic and controlled processes involve different brain 

structures and mechanisms (21). The transition from controlled to automatic processing 

appears to involve the basal ganglia, but some involvement of cortical structures remains 

such that automatic processes are able to be monitored and modified in a contextually 

appropriate fashion (21). 

There are multiple levels involved in motor control whereby higher order processes 

may delegate to the lower order processes thus reducing the computational burden on the 

system. In this case, the lower order automatic processes are compromised and as such a 

burden is imposed on controlled processes. The controlled process is less efficient and 

represents a more indirect solution. Thus although a particular task may still get done, it 

is achieved at a cost. And as explained in this paper, this is not merely inferred but 

directly observed and documented by means of an examination of postural reflexes.   

 

Generalisability to Other Domains 

We suggest that what is discovered in the area of motor function, where behavior 

can be more readily observed and documented, may apply for other functions as well. 

Afferents to the basal ganglia have a topographic organization that tend to maintain the 

topology of the cerebral cortex (34).  For instance, the specific disturbances seen in 

patients with focal dystonia (disorders where specific limb segments are affected) are 

potentially clinical manifestations of this segregation of influences within the basal 

ganglia (35).  Indeed, studies of the effects of microstimulation and of single-cell activity 

indicate that an anatomic somatotopy of the basal ganglia is maintained at a functional 



                                                                                           Age-related Slowing     17 

level. Parallel functional circuits have been identified within the basal ganglia associated 

with motion, eye-movements, cognition and emotion (35).   

The basal ganglia consist of a number of parallel circuits with similar homologous 

connectivity. In each case multiple cortical areas feed into the basal ganglia which then 

target a specific cortical structure (2). For example, motor cortical areas (premotor, motor 

cortex and supplementary motor area) project through the putamen and then target the 

supplementary motor area, while cognitive cortical areas (dorsolateral, prefrontal, lateral 

orbitofrontal cortex) project through the caudate nucleus and target the dorsolateral 

cortex.  Limbic cortical areas associated with emotion (anterior cingulate, medial 

orbitofrontal cortex) project via the ventral striatum and target the anterior cingulate (2). 

Therefore, although motor behavior represents only one domain in which slowing of 

processing can be documented, the findings in this area can potentially be generalized to 

other domains including cognition and emotion.  

As each of these circuits have similar connection and function, understanding the 

age-related changes in the motor circuit of the basal ganglia may actually shed light upon 

the age-related changes in other systems where speed can be an issue, such as 

information processing (36, 37), memory (38) or emotion (39). For example, it has been 

noted that older adults were less able than young adults to acquire automaticity in the 

context of a memory task (38). This is thought to be because older adults are slower to 

shift to a memory retrieval strategy, decreasing the automaticity and hence efficiency of 

task performance.  

 There is some controversy in the literature as to whether automatic processes are 

preserved (e.g. see 40) or reduced with advancing age. We suggest that in part this arises 
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owing to the differential usage of the construct.  This will not be elaborated upon here but 

this issue is discussed at length elsewhere (21).  Suffice to say that the current 

dichotomous distinction drawn between automatic and controlled processes fails to 

capture the complexity of automatic behaviour and thus we propose that by looking at the 

neural basis of the behaviour, one can better explain the behaviour in question.  

 

Conclusions 

 

Psychomotor function is a major contributor to independence, but accounts of 

psychomotor change with age are complicated by difficulties associated with the 

interpretation of age-related changes.  The identification of structural deficits is limited 

by the ability to draw inferences from observable behaviors in light of potential strategic 

variation (1).  There has been a tendency, however, for researchers to overlook this 

problem owing to the assumption that it cannot be overcome as it is not tractable or 

testable.   

When strategic variation is explicitly controlled by means of generating 

Performance Operating Characteristics (see 5), a consideration of psychomotor function 

in older adults indicates genuine deficits rather than a strategic preference.  Further 

examination of motor function suggests failures in the automatic execution of behavior 

such that older adults must rely on controlled processes thus taxing limited processing 

resources. Changes in motor processes with advancing age, can provide markers of more 

general neurophysiological decline. Furthermore, the adoption of basal ganglia 

dysfunction as an explanation of age-related motor slowing indicates possible 

interventions and potentially offers a means of generalizing from documentable motor 
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deficits to other domains such as cognition and emotion owing to homologous basal 

ganglia circuitry.  
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