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Human Movement Variability and Aging 
Nicholas Stergiou, Jenny A. Kent, and Denise McGrath 
 

Abstract 
 
An optimal level of variability enables us to interact adaptively and safely to a 
continuously changing environment, where often our movements must be adjusted in a 
matter of milliseconds. A large body of research exists that demonstrates natural 
variability in healthy gait (along with variability in other, healthy biological signals such 
as heart rate) and a loss of this variability in aging and injury, as well as in a variety of 
neuro-degenerative and physiological disorders. We submit that this field of research is 
now in pressing need of an innovative “next step” that goes beyond the many 
descriptive studies that characterize levels of variability in various patient populations. 
We need to devise novel therapies that will harness the existing knowledge on 
biological variability and create new possibilities for those in the grip of disease. We also 
propose that the nature of the specific physiological limitation present in the 
neuromuscular apparatus may be less important in the physiological complexity 
framework than the control mechanisms adopted by the older individual in the 
coordination of the available degrees of freedom. The theoretical underpinnings of this 
framework suggest that interventions designed to restore healthy system dynamics may 
optimize functional improvements in older adults. We submit that interventions based on 
the restoration of optimal variability and movement complexity could potentially be 
applied across a range of diseases or dysfunctions as it addresses the adaptability and 
coordination of available degrees of freedom, regardless of the internal constraints of 
the individual. 
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When we perform the same task multiple times, we can easily observe that we 
never execute it the exact same way. This is obvious even with elite performers, such 
as athletes and musicians. When it comes down to simple everyday walking, every one 
of us is an elite performer, but as we observe our steps behind us on the sand, we can 
clearly see that they are never identical. These natural fluctuations in motor 
performance define the presence of human movement variability which is ubiquitous in 
all biological systems. Recently, the role of movement variability has attracted 
significant attention due to its relationship to pathology and performance (Harrison & 
Stergiou, 2015; Stergiou & Decker, 2011). 

Previous theoretical frameworks consider variability as an indicator of noise in 
the control system, and it has been quantified using traditional linear statistical 
measures (e.g., standard deviation; Newell & Corcos, 1993; Schmidt & Lee, 2005; 
Stergiou, Harbourne, & Cavanaugh, 2006). Such measures contain no information 
about how the motor system responds to change over time. Practically, the linear 
measures are measures of centrality and thus provide a description of the amount or 
magnitude of the variability around that central point. This is accomplished by 



quantifying the magnitude of variation in a set of values independent of their order in the 
distribution. From this perspective, clinicians and scientists believe that the mean is the 
“gold standard” of healthy behavior. Any deviation from this gold standard is error, or 
undesirable behavior, or the result of instability.  However,  recent  literature  from  
several  disciplines  and medical areas, including brain function and disease dynamics,  
has  shown  that  many  apparently  “noisy”  phenomena are the result of nonlinear 
interactions and have  deterministic  origins  (Amato,  1992;  Buchman,  Cobb, Lapedes, 
& Kepler, 2001; Cavanaugh, Kochi, & Stergiou, 2010; Garfinkel, Spano, Ditto, & Weiss, 
1992; Goldstein, Toweill, Lai, Sonnenthal, & Kimberly, 1998; Orsucci,  2006;  Slutzky,  
Cvitanovic,  &  Mogul,  2001;  Toweill  &  Goldstein,  1998;  Wagner,  Nafz,  &  Persson,  
1996). Based on this information, it has been proposed that the natural fluctuations that 
are present in normal motor tasks (e.g., stride-to-stride fluctuations in normal walking) 
are characterized by an appropriate or optimal state of variability (Harrison & Stergiou, 
2015; Stergiou et al., 2006; Stergiou & Decker, 2011).  Optimal variability is associated 
with complex interactions across multiple control systems, feedback loops, and 
regulatory processes that enable an organism to function and adapt to the demands of 
everyday life (Harrison & Stergiou, 2015; Stergiou et al., 2006; Stergiou & Decker, 2011; 
Figure 1). This physiological complexity is recognized as an inherent attribute of healthy 
biological systems, whereas the loss of complexity with aging and disease is thought to 
reduce the adaptive capabilities of the individual (Buzzi, Stergiou, Kurz, Hageman, & 
Heidel, 2003; Goldberger, 2001; Goldberger et al., 2002a). A loss of complexity can 
refer to either an overly constrained, periodic system, or an overly random, incoherent 
system (Dossey, 2010).  Healthy human function thus requires the coexistence of the 
oppositional factors of coherence and chaos (Dossey, 2010). It is important to note that 
the specialized concept of “chaos” discussed here is distinct from, and indeed contrary 
to, the English language notion of chaos which means confusion and disorder.  In fact, 
when we refer to mathematical chaos in a system, we are pointedly referring to an 
underlying order or pattern that is contained within a complex, variable system, capable 
of sudden and marked change. 

The physiological complexity paradigm was first introduced almost 30 years ago 
by Goldberger and colleagues, based on heart rate dynamics (Goldberger, Findley, 
Blackburn, & Mandell, 1984). Since then, there has been an abundance of literature that 
reveals the presence of physiological complexity in healthy systems and a loss of 
complexity in ill health, for example in: brain activity and pathological cognitive 
processes (Bystritsky, Nierenberg,  Feusner,  &  Rabinovich,  2012;  Yang  et  al.,  
2013),  heart  failure  (Goldberger  et  al.,  2002a),  fetal  distress  syndromes  
(Goldberger,  1996),  respiration  (Peng  et  al.,  2002),  and  ambulatory  behaviors  in  
older  adults  (Cavanaugh  et  al.,  2010;  Cavanaugh,  Coleman,  Gaines,  Laing,  &  
Morey,  2007).  Evidence  for  loss  of  complexity in the motor system (e.g., locomotor 
system) with aging and disease first emerged in the mid- to late-nineties (Hausdorff et 
al., 1997; Hausdorff, Cudkowicz, Firtion,  Wei,  &  Goldberger,  1998),  with  subsequent  
cross-sectional studies relating levels of motor and specifically  locomotor  complexity  
to  diseases,  conditions,  or age categories, many of which were performed by our 
laboratory (Buzzi et al., 2003; Decker, Moraiti, Stergiou, &  Georgoulis,  2011;  Deffeyes  
et  al.,  2009).  However, despite the enormous potential that this emerging field 
presents for (a) improving our understanding of aging and disease/dysfunction, (b) 



providing sensitive biomarkers for evaluating behavioral or pharmacological 
interventions, and (c) designing novel interventions based on restoration of complexity, 
its actual impact in the field of rehabilitative medicine has been minimal. 
The reason for the relatively slow progress may be due to the fact that no single 
statistical measure can be used to assess the complexity of physiologic systems.  
Instead, an extensive “toolkit” of evolving metrics is needed to probe different aspects of 
these complicated behaviors (Goldberger et al., 2002b). These metrics must be 
implemented with an in-depth appreciation of their purposes, strengths, and limitations 
(Stergiou, 2004; Stergiou, 2016). Fractal-based complexity metrics hold great promise 
in the study of walking. Multiple studies support the idea that stride-to-stride variations in 
healthy gait exhibit nonlinear and fractal-like fluctuations extending over hundreds of 
steps, reflective of complexity in healthy gait (Hausdorff, Peng, Ladin, Wei, & 
Goldberger, 1995; Hausdorff et al., 1996; Hausdorff, 2007). The classic definition of a 
fractal, first described by Mandelbrot (1977), is a geometric object with “self-similarity” 
over multiple measurement scales (Lipsitz, 2002). The outputs of the locomotor system 
measured over time exhibit such fractal properties (Delignieres & Torre, 2009), 
demonstrating power-law scaling such that the smaller the frequency of oscillation (f) of 
these signals, the larger their amplitude (amplitude squared is power) (Lipsitz, 2002). 
This power-law relation can be expressed as 1/f, and is referred to as pink noise, where 
oscillations appear self-similar when observed over seconds, minutes, hours, or days. 
Pathological gait observed in the elderly population demonstrates a breakdown of this 
1/f scaling; in other words, a loss of complexity where their movement dynamics are 
either too periodic or too random (Herman, Giladi, Gurevich, & Hausdorff, 2005). 

 

 
Figure 1 — Optimal movement variability is represented in the middle of the figure as an inverted U-
shape relationship between complexity and predictability (Stergiou et al., 2006). Practically, at this optimal 
state of movement variability, the biological system is in a healthy state and is characterized by the 
largest possible effective complexity (i.e., the uppermost point along the inverted U-shaped function), 
attaining high values only in the intermediate region between excessive order (i.e., maximum 
predictability) and excessive disorder (i.e., no predictability). However, complexity is affected by the 



dominant dynamics across scales. Thus, the theory of optimal movement variability could actually be 
generalized into a theory of complex adaptive behavior where complexity (and higher dexterity) is 
associated with fractally-nested scales of activity supported by nonlinear couplings of components both 
within and across scales (Harrison & Stergiou, 2015). 

 
What is the function of this 1/f scaling, commonly seen in well-coordinated 

behaviors, and less so in non-optimal performance or with aging and disease? 
Vaillancourt and Newell (2003) submit that 1/f scaling confers enhanced connectivity 
between motor control processes, while a breakdown in fractal scaling (as observed in 
stride interval time series in pathological gait) arises from a gradual deterioration in the 
number of functioning elements of a given system and/or a decrease in the interactions 
between these components (Goldberger, 2001; Goldberger et al., 2002b). From this 
perspective, there is no particular component that causes 1/f scaling to occur, or indeed 
to break down. Instead, it is an emergent property that stems from the interactions 
across the many spatiotemporal scales of organization of an organism (Van Orden, 
Holden, & Turvey, 2005), giving rise to a “nimble” but coordinated motor control system. 
It has been demonstrated that any behavioral performance results from the coordination 
of the degrees of freedom available to the individual with respect to constraints imposed 
from the neuromuscular system, the task, and the environment (Vaillancourt, Sosnoff, & 
Newell, 2004). Drawing from evidence that strongly supports a breakdown of fractal 
scaling in aging physiological systems (Lipsitz & Goldberger, 1992; Vaillancourt & 
Newell, 2002), research has further shown that older adults have a reduced capacity to 
adapt to faster time scales in both feedback and feed-forward processes (Sosnoff & 
Newell, 2008). Other sup-port for this hypothesis is provided by Bierbaum, Peper, 
Karamanidis, and Arampatzis (2011), who showed that locomotor behavior in older 
adults is more conservative compared with the young, leading to disadvantages in the 
reactive adaptation during disturbed walking.  Hsu, Chou, and Woollacott (2013) 
concluded that, in normal aging, adults lose the compensatory strategy afforded by the 
flexible control of multiple joints when stabilizing the center of mass after receiving a 
balance perturbation. Similarly, our previous work has shown that older adults exhibit 
reduced adaptive capabilities (Byrne et al., 2002; Kurz & Stergiou, 2003). 

Causes of gait and balance disturbances in the elderly are multifactorial.  For  
example,  abnormal  gait  can  be  due to a single disease or multiple diseases 
developing simultaneously across all sensorimotor levels (Martens & Almeida, 2012; 
Vinti, Couillandre, & Thoumie, 2010), increased reliance on central mechanisms 
(Seidler et al., 2010), atrophy or disease of brain structures involved in these central 
mechanisms (Seidler et al., 2010), degeneration  of  neurotransmitter  systems  (Cham,  
Perera,  Studenski,  &  Bohnen,  2007;  Cham,  Studenski,  Perera,  & Bohnen, 2008), 
reduced muscle mass and/or muscle quality (Shin, Valentine, Evans, & Sosnoff, 2012), 
psychosocial factors (Baik & Lang, 2007), and medication use (Boudreau et al., 2009; 
Hilmer et al., 2009). Compensatory postures, slower gait speeds, and “cautious” gait are 
all trademarks of abnormal gait in the elderly.  The capacity to maintain balance when 
walking through unpredictably changing environments is critical to independent living for 
this population. Increasingly, altered gait variability is being reported in older adults and 
has been associated with a variety of disorders ranging from joint  and  skeletal  
problems  (Kiss,  2011)  (lowest-level  gait disturbances) to Huntington’s disease 
(Hausdorff et al.,  1997),  Parkinson’s  disease  (Hausdorff  et  al.,  1998;  Kurz, 



Markopoulou, & Stergiou, 2010), higher-level gait disorders  (Herman  et  al.,  2005),  
and  falls  (Hausdorff,  2007; Montero-Odasso, Muir, & Speechley, 2012; Paterson, Hill, 
& Lythgo, 2011; Toebes, Hoozemans, Furrer, Dekker, & van Dieën, 2012). Reduced 
adaptive capacity in the locomotor system has been linked to falls due to the difficulty 
that older adults experience in recovering quickly from a loss of dynamic balance 
(Madigan & Lloyd, 2005; Wojcik, Thelen, Schultz, Ashton-Miller, & Alexander, 1999). 

There are compelling findings in both animal and human studies that suggest 
that the complexity of loco-motor patterns provides a rich source of information that 
could be relevant to the diagnosis and management of a variety of diseases that affect 
an aging population. Our previous research has shown that highly active older adults 
exhibit more complex patterns of locomotor activity than less active older adults, despite 
the absence of differences between these groups in standard measures of variability of 
their step counts (Cavanaugh et al., 2010). Hu and colleagues have recently shown that 
older adults and dementia patients have disrupted fractal activity pat-terns (Hu, Van 
Someren, Shea, & Scheer, 2009) and that the degree of disruption is positively related 
to the burden of amyloid plaques—a marker of Alzheimer’s disease severity (Hu, 
Harper, Shea, Stopa, & Scheer, 2013). They also found that fractal scaling in activity 
fluctuations is unrelated to the average level of activity as assessed within and between 
subjects (Hu et al., 2004). A study of primates suggests that a loss of complexity in 
locomotor behavior that is associated with illness and aging reduces the efficiency with 
which an animal is able to cope with heterogeneity in its natural environment 
(Macintosh, Alados, & Huffman, 2011). Japanese quail became less periodic and more 
complex in their locomotor behavior when they were stimulated to explore, without there 
being commensurate changes in the percentage of total time spent walking, or in the 
average duration of the walking events (Kembro, Perillo, Pury, Satterlee, & Marin, 
2009). In addition, fractal scaling has been observed in the locomotor activity of young, 
healthy small mammals, a feature that is less evident in aged animals (Anteneodo & 
Chialvo, 2009). 

While the relationships between fractal patterns of locomotor activity and health 
are indeed intriguing, Hu and colleagues have recently identified a possible neural site 
that is responsible for scale-invariant regulation of a neurophysiological system over a 
range of time scales. They demonstrated that lesioning the suprachiasmatic nucleus 
(SCN) of the anterior hypothalamus in rats (i.e., the neural node responsible for 
circadian rhythms) led to the disappearance of fractality in both heart rate and locomotor 
rhythms (Hu, Scheer, Buijs, & Shea, 2008; Hu, Scheer, Ivanov, Buijs, & Shea, 2007).  In 
addition, they have recently shown that the degree of disruption to fractal activity in 
dementia patients is strongly associated with vasopressinergic and neurotensinergic 
neurons (two major circadian neurotransmitters) in postmortem SCN, and can better 
predict changes of the two neurotransmitters than other traditional circadian measures 
(Hu et al., 2013). The authors concluded that the SCN impacts human activity regulation 
at multiple time scales and that disrupted fractal activity may serve as a noninvasive 
bio-marker of SCN neurodegeneration in dementia. A further study by this group 
demonstrated that multiunit neural activity of the SCN in mice and rats exhibited fractal 
fluctuations in vivo that were abolished in preparations in vitro. These empirical results 
suggest that it is not the activity of the SCN in isolation, but the activity of the SCN in 
concert with other physiological mechanisms that lead to fractal fluctuations in 



physiological output (Hu et al., 2012). It has been widely shown that most peripheral 
organs and tissues, including skeletal muscle, can express circadian oscillations in 
isolation, yet still receive and may require input from the SCN in vivo (Mohawk, Green, 
& Takahashi, 2012). A well-functioning circadian system therefore requires SCN 
interaction with peripheral oscillators. Many authors have discussed the feedback loops 
that are ubiquitous at the molecular, cellular, tissue, and systems levels between the 
inputs and outputs of the circadian system (Yang, 2010). 

Therapeutic interventions that boost the circadian signal and restore the temporal 
order of a system may act to ameliorate some of the decline seen in aged individuals. It 
is accepted that the age-related attenuation of the central timing signal generated by the 
SCN is associated with a number of health problems such as metabolic syndrome, 
neurodegenerative disorders, and cardiovascular diseases (Kondratova & Kondratov, 
2012).  Transplantation of a ‘young’ SCN into aged animals resulted in improvements in 
numerous rhythmic functions, including behavioral rhythms in locomotion (Li & Satinoff, 
1995).  Tranah and colleagues have shown that older community-dwelling adults with 
weak circadian locomotor activity rhythms have a higher mortality risk and increased 
risk of developing dementia and mild cognitive impairment (Tranah et al., 2010; Tranah 
et al., 2011).  It has been shown consistently in animal models that aging does not 

affect the size or the number of neurons in the SCN (Madeira, Sousa, Santer, Paula‐
Barbosa, & Gundersen, 1995); rather, aging brings about significant changes in 
electrophysiological and neurochemical outputs of the SCN (Colwell, 2011). Previous 
studies suggest that some but not all peripheral circadian oscillators exhibit age-related 
changes in rhythmicity (Yamazaki et al., 2002) and that some of the related tissues 
retain the capacity to oscillate but are not appropriately driven in vivo by physical activity 
rhythms (Asai et al., 2001). Locomotor activity can influence SCN function via neuronal 
feedback loops (Hughes & Piggins, 2012). Information on the precise role that circadian 
abnormalities play in the aging process is somewhat limited, however it has been 
hypothesized that the fragmentation of behavioral activity with aging may worsen the 
age-related defects in the central clock function, leading to a downward spiral (Farajnia, 
Deboer, Rohling, Meijer, & Michel, 2014).  Together, these considerations suggest that 
interventions to regulate circadian activity rhythm abnormalities are warranted in older 
adults (Tranah et al., 2011).  

We have recently shown that complexity in the loco-motor system is a modifiable 
property in both young and elderly adults by walking while listening to an auditory 
stimulus with a complex structure (Hunt, McGrath, & Stergiou, 2014; Kaipust, McGrath, 
Mukherjee, & Stergiou, 2013). In other words, we have shown that fractal patterns in 
gait parameters (i.e., stride intervals) can be restored in older adults using a fractal-
based auditory cue in an audio-motor entrainment paradigm. Such an intervention to 
restore fractal patterns in locomotor activity in older adults, enabled by wearable sensor 
technology that delivers the relevant cues, could have a positive effect on circadian 
rhythms and adaptive capability, promoting SCN interaction with an effective fractal-
based peripheral oscillator. It could also revolutionize the current practice of metronomic 
auditory cueing for the rehabilitation of pathological gait by replacing the metronome 
model with a novel auditory stimulus with a 1/f structure (i.e., pink noise) embedded into 
music. 



Although walking to a metronomic auditory stimulus has been shown to increase 
gait tempo and stride length (Ford, Malone, Nyikos, Yelisetty, & Bickel, 2010; Roerdink 
et al., 2009), its implicit outcome is to reduce the natural stride-to-stride fluctuations to 
zero, thus destroying the 1/f scaling (Hausdorff et al., 1996) that enables the 
neuromuscular system to adapt to a continuously changing environment. Humans have 
been coordinating their movement to external rhythms since antiquity. Entrainment to an 
external rhythm can occur even when there is a high degree of rhythmic complexity and 
ambiguity in music (Skoe & Kraus, 2010; Toiviainen & Snyder, 2003).  The dynamical 
systems approach describes musical rhythmic entrainment as an active, self-sustained, 
periodic oscillation at multiple time scales, enabling the listener to use predictive timing 
to maintain a stable, multiperiodic pattern and synchronize movements at the main beat 
or other metrical levels (Large, 2000).  There is convincing evidence in the literature 
suggesting that both healthy and diseased or injured adults can entrain their gait to a 
metronome (Delval et al., 2008; Ford et al., 2010; Hayden, Clair, Johnson, & Otto, 
2009).  Drawing from dynamical systems theory, we have advanced this field by 
showing that the structure of an auditory stimulus is expressed in the patterns of gait 
variability produced by both young and elderly adults (Hunt et al., 2014; Kaipust et al., 
2013). A recent study (Hove, Suzuki, Uchitomi, Orimo, & Miyake, 2012) showed that an 
“interactive” auditory stimulus, based on nonlinear oscillators, restored 1/f scaling in 
Parkinson’s disease patients that persisted 5 min after the stimulus was removed, 
indicating stabilization of the internal rhythm generating system and the reintegration of 
timing networks. These experiments show that complex (rather than periodic) 
interaction is important for the (re)emergence of 1/f structure in human gait behavior. 

In conclusion, an optimal level of variability enables us to interact adaptively and 
safely to a continuously changing environment, where often our movements must be 
adjusted in a matter of milliseconds.  A large body of research exists that demonstrates 
natural variability in healthy gait (along with variability in other healthy biological signals 
such as heart rate) and a loss of this variability in aging and injury, as well as in a 
variety of neurodegenerative and physiological disorders.  We submit that this field of 
research is now in pressing need of an innovative “next step” that goes beyond the 
many descriptive studies that characterize levels of variability in various patient 
populations. We need to devise novel therapies that will harness the existing knowledge 
on biological variability and create new possibilities for those in the grip of disease. 

We also propose that the nature of the specific physiological limitation present in 
the neuromuscular apparatus may be less important in the physiological complexity 
framework than the control mechanisms adopted by the older individual in the 
coordination of the available degrees of freedom.  The theoretical underpinnings of this 
framework suggest that interventions designed to restore healthy system dynamics may 
optimize functional improvements in older adults (Harrison & Stergiou, 2015; Manor & 
Lipsitz, 2013; Stergiou & Decker, 2011). We submit that interventions based on the 
restoration of optimal variability and movement complexity could potentially be applied 
across a range of diseases or dysfunctions as it addresses the adaptability and 
coordination of available degrees of freedom, regardless of the internal constraints of 
the individual. 
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