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Highlights 

 Aging increases spatial and temporal gait variability primarily due to neural system 

decline affecting motor control and balance. 

 Structural brain atrophy, neurotransmitter depletion, and sensory degradation 

collectively impair gait stability and adaptability in older adults. 

 Neuroimaging and mobile brain/body imaging studies reveal that older adults recruit 

additional cortical resources to compensate for reduced gait automaticity. 

 Multimodal interventions combining physical and cognitive training can improve gait 

regularity and stability by promoting neural and functional adaptations. 
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Abstract 

Gait dynamics, encompassing both spatial and temporal parameters, undergo significant 

changes with aging, often leading to increased gait variability and, consequentially, a higher 

risk of falls. While cognitive and musculoskeletal factors have been demonstrated to contribute 

to these alterations, the role of the neural system is crucial and yet not fully understood. This 

review aims to synthesize the existing evidence on the age-related deterioration in locomotor 

functioning, with a specific emphasis on the neural mechanisms involved. Besides summarizing 

appropriate measures to quantify gait variability, several neural factors including cortical, 

neurotransmitter, and sensory system degeneration, are explored as key contributors to the 

observed changes in locomotion during aging. Additionally, the review discusses the potential 

use of diverse interventions to enhance gait variability during aging to reduce the risk of falls. 

By elucidating the complex interplay between aging, gait dynamics, and neural function, this 

review underscores the importance of targeted interventions aimed at preserving neural health 

to maintain gait stability and reduce fall risk in the aging population. The findings suggest that 

further research is needed to develop and refine strategies for the early detection and prevention 

of gait-related impairments linked to neural decline. 

Keywords: Gait, variability, aging, walking, motor control 

  

                  



4 

 

1. Introduction 

Human locomotion is a complex motor skill requiring the integration of sensory information 

coupled with an adequate motor output allowing stable navigation on different terrains. 

Generally, a typical healthy gait pattern is characterized by sequential footfalls generated by the 

central nervous system (CNS). Throughout the lifespan, this automated motor skill is learned 

during childhood but during aging mobility decline is a major concern as many components of 

the sensorimotor system degrade and thus shift motor control from an automatic task to a more 

conscious and cognitive task. This decline in locomotor functioning inherently decreases 

quality of life as well as independence during everyday life (Freiberger et al., 2020; Shafrin et 

al., 2017) which ultimately increases the burden and reduces levels of self-determination in 

older age (Freiberger et al., 2020).  

 

Not surprisingly, the assessment of gait performance is part of several clinical testing batteries 

to assess either age-related dysfunction such as in sarcopenia (Cruz-Jentoft et al., 2019), or 

pathological severity levels during Parkinson’s disease (Lindholm et al., 2018), dementia 

(Verghese et al., 2007) or stroke (Dos Santos et al., 2023). Understanding the neural demands 

of mobility as well as their change during the aging process is crucial for explaining the 

deterioration of mobility in older adults. A major factor in this decline is a reduced adaptability 

of the sensorimotor system. Previous research has demonstrated decreased sensorimotor 

adaptability in both the upper limbs (Anguera et al., 2011; Vandevoorde & Orban de Xivry, 

2019) and lower limb locomotor tasks (Vervoort et al., 2020) of older adults. Different regions 

of the CNS are believed to contribute to various aspects of mobility (Fettrow et al., 2023; Lee 

& Kim, 2022), and these contributions may change with age. The consequences of a decline in 

gait performance and increased variability include an elevated risk of falling as well as fear of 

falling (Beck Jepsen et al., 2022) which often leads to the avoidance of walking and thus to 

personal isolation and decreased participation in community activities (Thomas et al., 2022). 
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The aim of this review is to summarize the existing scientific evidence on gait variability during 

aging as well as underlying neural mechanisms and the involved structures. A narrative review 

approach was chosen because the literature on gait variability and neural system function in 

aging is conceptually broad and methodologically diverse. Studies in this area employ 

heterogeneous designs, populations, and measurement techniques, making systematic synthesis 

challenging. A narrative review allows for comprehensive mapping of the existing evidence, 

identification of key concepts, and clarification of definitions and research gaps. This approach 

provides an essential foundation for future, more targeted systematic reviews or meta-analyses. 

 

2. Quantifying gait variability 

Gait characteristics have historically been quantified by average spatiotemporal parameters 

such as velocity, stride-length and step-time (Hausdorff et al., 1998). More recent evidence 

indicates that gait variability is a unique and superior marker of gait impairment compared to 

indices such as gait speed (Hausdorff, 2009; Verghese et al., 2006). Gait variability can be 

defined as the physiological variability, i.e., stride-to-stride fluctuations in walking, and is 

considered to reflect disruptions in intrinsic motor or postural control during walking resulting 

from age-related decline in the central and peripheral nervous systems. As outlined by Moon 

and colleagues (2016), increased temporal gait variability (e.g. stride-time variability) and 

anterior-posterior spatial gait variability (e.g. step-length variability) reflect loss of gait 

rhythmicity, while altered medial-lateral spatial variability (e.g. step-width variability) is 

associated with diminished balance control (Brach et al., 2008). The study of gait variability, 

achieved through instrumented gait analysis, provides the opportunity to quantify an abundance 

of parameters in locomotion and the changes with aging, and to assess the efficacy of 

therapeutic interventions and rehabilitation (Hausdorff, 2005; Marusic et al., 2015; Pradhan et 

al., 2015). The capability to quantify gait variability is therefore widely recognized as a 

diagnostically useful and clinically meaningful parameter (Kroneberg et al., 2018), particularly 
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to assess overall gait function in aging populations. At present, several methods are available 

for estimating gait variability, each with its own advantages and disadvantages. The following 

section provides a brief overview of these method types, with more detail provided in Table 1. 

 

Temporal and spatial methods are some of the most widely used methods, and are well-

established in clinical practice as they are easy to administer and interpret. However, such 

methods (e.g., step and stride length and time variability) provide little-to-no information on 

the underlying mechanisms of gait variability (Hausdorff, 2005). By comparison, kinematic 

measures provide a more detailed and comprehensive analysis of gait, including how different 

joints and muscles contribute to gait, and enable assessment of individual joint variability 

(Winter, 2009). Examples of kinematic methods include joint angle variability and segmental 

coordination variability; however, a potential key limitation of these methods is that they 

require specialized equipment such as 3D motion capture systems, which are not always readily 

available in clinical settings. Kinetic methods, such as ground reaction force variability and 

joint moment variability, provide data on the forces involved in gait, offering greater insight 

into muscle function, balance and stability during gait, and are often combined with kinematic 

measures for a more comprehensive analysis of gait variability (Mohammed et al., 2011). 

However, these methods also require specialized equipment (e.g. force plates), and data quality 

can be significantly affected by external factors such as footwear. Similarly, center of pressure 

measurement methods (e.g., center of pressure path and velocity variability) are often used to 

assess balance and stability during gait, providing valuable insight on postural control 

(Mehdizadeh et al., 2021). These methods provide data on dynamic stability during gait, which 

is particularly useful for assessing fall risk in aging populations. 

 

Several more complex methods can provide further insight. Examples include ‘nonlinear 

dynamics’ which provides more in-depth data concerning the underlying dynamics and 
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complexity of gait, and has been used successfully to detail how aging affects variability during 

gait (Buzzi et al., 2003). These methods are generally more robust to data noise and 

measurement error (e.g., entropy analysis), however they typically require large datasets and 

advanced mathematical and computational knowledge. Frequency domain analysis methods 

(e.g. harmonic ratios) enable analysis of the rhythmicity, smoothness and symmetry of gait, 

which is useful in conditions associated with aging where gait rhythm and/or symmetry is 

affected (e.g., Parkinson’s disease and stroke survivors) (Tamburini et al., 2015). While it is not 

the purpose of this review to provide an in-depth overview and critique of different methods to 

quantify gait variability, it is clear that each method can provide unique and important insights 

into different aspects of gait variability. Importantly, clinicians will often use a combination of 

methods to obtain a comprehensive picture of gait variability. 

 

 

                  



Table 1. Overview of methods to quantify gait variability. 

Category Example methods Advantages Disadvantages 

1. Temporal and 

Spatial Measures 

i. Stride Time Variability: Measures the variability in 

the time taken to complete a stride. It is often 

quantified as the standard deviation or coefficient of 

variation of stride times across multiple strides. 

ii. Step Time Variability: Similar to stride time 

variability but focuses on the time between 

consecutive steps. 

iii. Step Length Variability: Quantifies the variability 

in the distance covered by each step. 

iv. Stride Length Variability: Measures the variation 

in the distance covered between two consecutive 

footprints of the same foot. 

 Simple to calculate and interpret. 

 Well-established in research and 

clinical practice, thus it is easier to 

compare results across studies. 

 Directly related to gait performance 

and easily linked to functional 

outcomes such as speed and step 

consistency. 

 Provide little/no information on 

underlying mechanisms, i.e. motor 

control processes or coordination 

 Sensitive to measurement error - 

minor inaccuracies in step or stride 

detection can significantly affect 

variability estimates. 

 Often highly dependent on 

contextual factors such as walking 

speed, limiting the generalizability 

of findings. 

2. Kinematic 

measures 

i. Joint Angle Variability: Assesses the variability in 

joint angles (e.g., hip, knee, ankle) during the gait 

cycle. It can be analyzed using techniques like 

standard deviation or more advanced statistical 

methods. 

ii. Segmental Coordination Variability: Evaluates 

the variability in the coordination between different 

body segments during gait, often using cross-

correlation techniques or vector coding. 

 Provide a detailed and 

comprehensive analysis of movement 

patterns and coordination of different 

body segments during gait. 

 Enable understanding of how 

different joints and muscles 

contribute to gait variability 

 Enable assessment of individual joint 

variability 

 Requires specialized equipment 

(e.g., motion capture systems) and 

advanced analysis techniques, which 

can be costly, time-consuming and 

may not be readily available in all 

clinical/research settings. 

 Errors in data collection impact 

reliability of gait variability 

measures. 

 

3. Kinetic 

measures 

i. Ground Reaction Force (GRF) Variability: 

Analyses the variability in the forces exerted by the 

ground on the foot during walking. Variability in 

GRF can indicate inconsistencies in weight transfer 

and balance. 

ii. Joint Moment Variability: Measures the variability 

in the moments (torques) at the joints during gait, 

which can reflect changes in muscle control or 

coordination. 

 Provide data on the forces involved 

in gait, offering insights into muscle 

function, balance and stability. 

 Useful in the diagnosis and 

monitoring of diseases that impact 

muscle control and joint function, 

e.g., arthritis or Parkinson's disease. 

 Can be combined with kinematic 

measures for a more comprehensive 

analysis of gait. 

 Requires specialized equipment 

(e.g., force plates) and advanced 

analysis techniques, which can be 

costly, time-consuming and may not 

be readily available in all 

clinical/research settings. 

 External factors such as footwear 

can significantly impact data quality. 
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4. Centre of 

pressure (COP) 

measures 

i. CoP Path Variability: Examines the variability in 

the path of the center of pressure under the foot 

during walking. This method is often used to assess 

balance and stability during gait. 

ii. CoP Velocity Variability: Quantifies the variability 

in the velocity of the CoP movement, providing 

insights into postural control. 

 Directly related to balance control 

making it particularly useful for 

assessing fall risk aging populations. 

 Enables detail on dynamic stability 

during gait. 

 High sensitivity to changes in 

postural control compared to other 

methods. 

 Requires specialized equipment 

(e.g., pressure sensors) and advanced 

analysis techniques, which can be 

costly, time-consuming and may not 

be readily available in all 

clinical/research settings. 

 Processing and analyzing data can 

be complex and requires specialized 

software. 

 May not provide much insight into 

other aspects of gait variability aside 

from balance and stability. 

5. Nonlinear 

Dynamics and 

Complexity 

Measures 

i. Approximate Entropy (ApEn): Measures the 

regularity and predictability of gait time series data. 

Lower values indicate more predictable and less 

variable gait patterns. 

ii. Sample Entropy (SampEn): Similar to ApEn but 

more robust, providing a measure of the complexity 

and irregularity of gait patterns. 

iii. Detrended Fluctuation Analysis (DFA): Analyzes 

long-range correlations in gait time series, providing 

insights into the fractal-like nature of gait 

variability. 

iv. Lyapunov Exponent: Assesses the sensitivity of the 

gait system to small perturbations by measuring the 

rate at which initially close states diverge over time, 

indicating the stability of gait. 

 Provides data and deeper 

understanding of the underlying 

dynamics and complexity of gait. 

 Methods (e.g., entropy analysis) are 

generally more robust to noise and 

measurement errors compared to 

traditional variability measures. 

 Sensitive to changes in motor control 

that occur in pathological conditions. 

 

 Requires advanced mathematical 

and computational knowledge. 

 Results can be difficult to interpret 

 Requires large datasets to accurately 

estimate complexity measures, 

which can be a limitation in clinical 

settings with time constraints. 

6. Frequency-

Domain Analysis 

i. Power Spectral Density (PSD): Analyzes the 

frequency components of gait variability. This 

method can help identify periodicities in the gait 

cycle and how variability is distributed across 

different frequency bands. 

ii. Harmonic Ratio: Evaluates the smoothness and 

rhythmicity of gait by analyzing the ratio of 

harmonics in the frequency domain, often used to 

assess gait symmetry. 

 Useful for analyzing the periodicity 

and rhythmicity of gait, which can be 

important in conditions like 

Parkinson’s disease where gait 

rhythm is affected. 

 Harmonic ratios provide detail 

concerning the smoothness and 

symmetry of gait, relevant for 

assessing recovery in stroke patients. 

 Offers a different perspective 

compared to time-domain analysis, 

 Requires specialized knowledge in 

signal processing. 

 Requires very high-quality, 

consistent data. 

 May not fully capture non-periodic 

aspects of gait variability. 
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revealing aspects of gait variability 

that may not be apparent otherwise. 

                  



3. Age related changes in gait variability 

Gait speed has been recommended as a critical sign of physical performance in older persons; 

for example, decreases in gait speed of 10 cm/s are associated with higher falls risk in older 

adults (Verghese et al., 2009). In the context of gait variability, age-related changes refer to the 

differences in the predictability and consistency of gait patterns which are observed with 

increasing age (Verghese et al., 2009). Gait variability is considered a critical indicator of the 

stability and control of walking, and increased variability is often associated with a greater risk 

of falling (Callisaya et al., 2010). As humans age, several aspects of physical condition decline 

including muscle strength, balance and joint flexibility which, collectively, can contribute to 

increased gait variability. Unsurprisingly, gait speed is found to decrease with age at both usual 

and fast walking speeds, with more pronounced declines in the oldest adults partly due to a 

decreased stride length that is most evident at faster walking speeds (Magnani et al., 2019) (fig. 

1), which is viewed as a compensatory mechanism for decreased stability (Gamwell et al., 

2022). Greater variability in stride length, stride time and step width are typically observed in 

older adults (Callisaya et al., 2010; Osoba et al., 2019; Skiadopoulos et al., 2020), indicating a 

less stable and more inconsistent gait. Older adults typically exhibit longer stance times and 

shorter swing times during the gait cycle alongside increased time spend in double support (i.e. 

both feet on the ground simultaneously), which indicates a more cautious gait pattern that may 

serve as a strategy to maintain stability when walking. Existing data shows that older adults 

express even greater gait variability when performing dual tasks (e.g., talking while walking), 

which may indicate greater cognitive demand during gait, leading to less stable gait patterns 

(Gamwell et al., 2022).  

 

Collectively, the available data demonstrates that spatial-temporal gait parameters are 

significantly affected by aging, with notable declines and greater variability in gait speed, stride 

length, step width and alterations in stance and swing times. These changes appear to become 
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more pronounced with increasing age, which may reflect a compensatory strategy for decreased 

strength, balance and coordination. Importantly, research has investigated how several key 

factors may influence gait variability in older adults, such as physical, cognitive psychological 

factors (Gamwell et al., 2022). Gamwell and colleagues reported that reduced strength and 

balance, reflecting a decline in overall physical function, were strongly associated with greater 

gait variability in that older adults with worse physical function showed more inconsistent and 

irregular gait patterns (Gamwell et al., 2022). Additionally, more variable gait patterns were 

observed in older adults with difficulties in attention and multitasking, suggesting that cognitive 

impairments, particularly in executive function, contribute to increased gait variability 

(Gamwell et al., 2022). Unsurprisingly, psychological factors such as fear of falling are found 

to be associated with increased gait variability, likely due to walking more cautiously. Arguably 

the most important conclusion from the study by Gamwell and colleagues is that such physical, 

cognitive and psychological factors interact in complex ways to collectively contribute to gait 

variability (Gamwell et al., 2022). Therefore, clinicians should consider all of these factors and 

adopted a multifaceted approach when assessing gait variability in older adults, and particularly 

when developing interventions to reduce and improve gait variability and stability, respectively. 
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Figure 1 Exemplary changes in gait parameters with aging 

 

4. Neural Mechanisms Involved in Gait Control  

Age-related increases in spatial and temporal gait variability are primarily attributable 

to a complex interaction of structural and functional changes in the brain, sensory system 

declines, motor control impairments, and cognitive function deterioration. Besides metabolic 

alterations (Boyer et al., 2023; Palmer & Jensen, 2022) and changes in connective tissue 

properties (Mian et al., 2007; Stenroth et al., 2015) which frequently occur with aging and may 

have direct and indirect effects on gait control, it is well acknowledged that processes in neural 

degeneration play a fundamental role in the development of coordination deficits and higher 

variabilities in motor control (Sorond et al., 2015; Tian et al., 2017). 

4.1 Cortical Alterations 

4.1.1 Structural Changes 

Various regions within the CNS have been shown to be involved in different aspects of 

mobility but have also been shown to experience measurable declines during the aging process. 
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A large body of scientific literature suggests that age-related structural brain atrophy occurs in 

an anterior-to-posterior pattern, with the frontal cortices demonstrating an earlier and faster 

atrophy compared other brain regions (Salat et al., 2004; Thambisetty et al., 2010). Especially, 

grey matter atrophy, which is particularly pronounced in the prefrontal cortex (Giorgio et al., 

2010; Salat et al., 2004), may contribute to changes in executive functioning (Burzynska et al., 

2012) and locomotion (Holtzer et al., 2014; Wilson et al., 2019) in older adults (fig. 2). With 

regard to gait and mobility, previous evidence indicates significant associations between a 

smaller sensorimotor and frontoparietal grey matter volume and a shorter step length and longer 

double support times in older adults (Rosano et al., 2008). These results were confirmed by 

Beauchet and colleagues (Beauchet et al., 2014), reporting that a higher gait variability (stride 

time) is associated with decreased parietal grey matter volume in healthy older adults. As a 

proxy of grey matter volume, cortical thickness has frequently been used in previous studies to 

estimate alterations in grey matter structure. Indeed, cortical thickness has also been shown to 

correlate with walking performance (Maidan et al., 2021; Ross et al., 2021), evidence is still 

limited to draw final conclusions about its association with gait variability during aging.  

Furthermore, numerous investigations have explored the relationships between spatial gait 

variability and the structural and functional aspects of the hippocampus. Elevated spatial gait 

variability has been linked to diminished hippocampal integrity (Rosso et al., 2014), but not to 

neuronal function within the hippocampus (Zimmerman et al., 2009). The interrelationship 

between gait variability and hippocampal atrophy is still under debate with some studies 

demonstrating an association between a lower hippocampal volume and overall reduction in 

gait speed and step length (Allali et al., 2016; Callisaya et al., 2013) with aging, while on the 

contrary others revealed a positive association between a greater hippocampal volume and a 

greater (i.e., worse performance) stride time variability (Beauchet et al., 2015). 

In accordance with grey matter changes, damage or loss of integrity of white matter 

microstructure, has consistently been demonstrated to be associated with variable gait patterns 
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and slow walking speed in older adults (Bolandzadeh et al., 2014; Starr et al., 2003; Verlinden 

et al., 2016). Especially during the aging process, white matter hyperintensities become more 

apparent, which have been found to facilitate motor decline (Silbert et al., 2008; van der Holst 

et al., 2018) by potentially disrupting neural communication between brain regions involved in 

motor control.  

4.1.2 Electrical Activity 

Beyond structural changes, functional brain dynamics provide a real-time window into gait 

control. Recent advances in mobile brain/body imaging (MoBI) have enabled the simultaneous 

recording of brain and body dynamics during human locomotion, which has greatly improved 

our ability to study gait dynamics under real-world conditions. MoBI typically combines high-

density EEG with kinematic and neuromuscular measures (Marusic et al., 2023; Peskar et al., 

2023; Protzak & Gramann, 2021; Richer et al., 2024) to capture the neural mechanisms that 

accompany gait variability and adaptation. Studies in young adults have repeatedly shown 

hallmark signatures such as beta-band desynchronization (a marker of active sensorimotor 

cortex engagement for motor execution) around heel-strike and increases in theta power 

(representing heightened cognitive effort and error-monitoring) during more demanding 

walking conditions, implicating sensorimotor, posterior-parietal and cingulate networks in 

stability and error monitoring (Jacobsen et al., 2022; Liu et al., 2024; Patelaki et al., 2023). 

Although many foundational MoBI studies have focused on younger cohorts, recent work 

explicitly comparing age groups indicates these neural markers are highly relevant for 

understanding gait control in older people. For example, Salminen et al. (2025) recorded high-

density EEG in younger and older adults walking at multiple speeds and reported that older 

adults—particularly those with lower mobility—showed greater theta synchronization in 

posterior parietal and cingulate regions and pronounced beta decreases with increasing speed, 

consistent with a shift toward greater cortical recruitment during gait in later life. Similarly, 

Protzak and Gramann (2021) demonstrated that during dual-task walking, older adults exhibited 
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attenuated alpha and beta power modulations compared to younger adults, suggesting reduced 

flexibility in motor resource allocation with age. These age differences suggest that the same 

MoBI signatures observed in young adults (beta ERD at foot strike; theta increases during 

challenging conditions) may reflect compensatory, and potentially maladaptive, increases in 

neural effort when observed in older or low-functioning participants. In line with this, De 

Sanctis et al. (2023) report that frontomedial theta and sensorimotor beta modulations during 

visually-perturbed walking are linked to cognitive risk: theta synchronization was stronger in 

higher-risk older adults while beta desynchronization was more evident in lower-risk 

participants, suggesting that oscillatory markers of MoBI correspond with cognitive status in 

old age. 

Cognitive load and dual-task paradigms further support this interpretation: dual-tasking reduces 

central alpha/beta power and increases cadence variability (Vandenheever & Lambrechts, 

2023) while individual differences in the ability to maintain cognitive performance when 

walking predict smaller increases in stride-to-stride variability and different frontal ERP 

profiles (Patelaki et al., 2023). These studies reinforce that frontal control networks become 

more engaged when walking demands increase or when automaticity declines, a pattern that is 

especially relevant to aging and fall risk. 

4.2 Neurotransmitter Changes 

In addition to structural changes in the brain, notable neurochemical differences exist 

between young and older adults, which have been directly associated with declines in motor 

performance in the elderly. Serotonin levels are reduced in older adults compared to younger 

individuals, particularly in regions such as the cingulate cortex and putamen (Gottfries, 1990). 

Data from a previous study highlight that altered serotonin transmission in older mice is 

associated with motor dysfunction (Sibille et al., 2007). To what extent this translates to human 

physiology is not clear.  
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More evidence, however, is available on the effects of dopamine. The aging brain experiences 

a notable decline in dopamine transmission levels (Kaasinen & Rinne, 2002). Research 

involving post-mortem brain analysis and molecular imaging via positron emission tomography 

(PET) has elucidated that this age-related decrease in dopamine transmission is multifactorial 

(Kaasinen & Rinne, 2002). Specifically, older adults exhibit reductions in the absolute levels 

of the neurotransmitter dopamine (Garnett et al., 1983), various dopamine receptors (Wang et 

al., 1998), and dopamine transporters (Rinne et al., 1998) compared to younger adults. In a 

study by Cham and co-workers (Cham et al., 2008), the authors showed that lower striatal 

dopamine transporter levels were associated with altered gait parameters as evidenced by 

reductions in speed, cadence, and single and double support durations. This suggests that the 

reduction of dopaminergic activity is directly linked to impaired motor control in older adults 

and thus also may substantially impact gait dynamics.  

Often overlooked in early gait studies, the cholinergic system plays a vital role in the attention-

gait interface. Acetylcholine, for instance, is essential for executive function and the filtering 

of sensory information during walking. Age-related cholinergic decline is strongly associated 

with slower gait and increased fall risk (Morris et al., 2019). In a previous study by Pelosin et 

al. (2016), the authors found that central cholinergic activity predicts changes in gait 

characteristics such as gait speed in older individuals prone to falling.  
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Figure 2 Overview of potential neural mechanisms of impairments in gait during aging. Text coloring indicates 

evidence level. 

 

4.3 Sensory System Degradation  

The capacity to maintain in a stable upright position during walking is essential for 

numerous daily activities and serves as a pertinent model for examining sensorimotor 

integration. Human locomotion necessitates appropriate sensorimotor integration in order to 

incorporate sensory inputs such as from the vestibular system, or visual and proprioceptive 

feedback and thus generate precisely tuned motor outputs (Wolpert et al., 1998).  

Indeed, aging is accompanied by significant modifications in proprioception, visual and 

vestibular feedback leading to diminished sensitivity, acuity, and integration of sensory signals. 

These changes adversely affect postural control, decreasing its efficiency and potentially 

compromising an individual's functional gait performance.  

Colledge et al. (1994) investigated the relative importance of vision, proprioception, and the 

vestibular system in maintaining balance across different age groups. Their findings indicated 
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that proprioception played a more critical role in balance maintenance than vision for 

individuals of all age groups. It is currently well acknowledged that aged individuals experience 

pronounced changes in proprioception and joint position sensation (Kaplan et al., 1985; Petrella 

et al., 1997). Underlying mechanisms involve both peripheral and central factors. On the 

peripheral level, an early investigation by Swallow (1966), conducted on human cadavers aged 

between 16 and 82 years, revealed a substantial age-related decline in the total number of nerve 

fibers within the anterior tibial nerve of the foot, along with a marked reduction in the proportion 

of large fibers in older subjects. Since Ia afferents are the largest peripheral axons, this suggests 

a reduction in the quantity of muscle spindle afferents, particularly Ia afferents, with advancing 

age. In a more recent publication, Vaughan and co-workers (Vaughan et al., 2017) corroborated 

these findings in mice, demonstrating that proprioceptive sensory neurons undergo 

degeneration with age, commencing prior to the atrophy of intrafusal muscle fibers. (Chung et 

al., 2005).  

A frequently used methodological approach to evaluate the functional status of the 

monosynaptic reflex arc, in order to measure motoneuronal excitability, is the Hofmann (H)-

reflex (Burke, 2016). Findings from numerous studies suggest that the H-Reflex is often 

reduced in older compared with younger individuals, facilitation and inhibition is less 

modulated (Piirainen et al., 2013) although these effects seem to be highly dependent on the 

functional task being performed during the experiments (Baudry & Enoka, 2009; Baudry et al., 

2010; Orssatto et al., 2021). Further, advancing age has been shown to results in impairments 

in sensory input processing, characterized by myelin abnormalities, axonal atrophy, and 

decreased nerve conduction velocity (Ito et al., 2021; Neukomm & Freeman, 2014; Stålberg et 

al., 1989), as well as a decline in neuromuscular performance. Besides age-related 

deteriorations in proprioception, older individuals have frequently been demonstrated to have 

reduced visual acuity (Congdon et al., 2004) leading to impaired sensory input from the visual 

system. Similarly, vestibular dysfunction during aging and associated imbalance (Jahn, 2019) 
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has a major impact on dynamic movements and might be responsible for increased gait 

variability (Meng et al., 2023).  

4.4 Motor Unit Degeneration 

Age-related motor unit (MU) degeneration is considered a primary driver of gait dysfunction 

in the elderly, characterized by a progressive loss of alpha-motoneurons and the subsequent 

denervation of muscle fibers. These neuromuscular alterations (specifically the loss of fast-

twitch units and reduced rate coding (Wages et al., 2024) directly impair the ability to generate 

rapid force (Wages et al., 2024), which is essential for the push-off phase of gait. Research has 

demonstrated that older adults possess fewer motor units, which are generally larger and slower, 

leading to motor unit reorganization (Brown, 1972; Deschenes, 2011; Stålberg et al., 1989; 

Verdú et al., 2000). Consequently, these age-associated changes in motor unit number and 

function significantly affect muscle force production and control. 

4.5 Agonist-Antagonist Co-Activation 

Muscular co-activation plays a pivotal role in enhancing joint stability during locomotion. In 

the scientific literature, an increase in co-activation is commonly described as a compensatory 

mechanism during aging to increase joint stiffness and thus stability (Hortobágyi & DeVita, 

2000). Previous studies have demonstrated that aging is related to a significant increase in 

antagonist co-activation in the trunk and lower extremities during gait (Hortobágyi et al., 2009; 

Nagai et al., 2011). This increased co-activation was previously also linked to a gait speed, with 

higher co-activation in the lower extremities leading to lower gait speed levels in older 

individuals (Lee et al., 2017). Further, increases in co-activation have been shown to facilitate 

increases in walking energy cost (Hortobágyi et al., 2009).  

 

4.6 Synaptic and Post-Synaptic Impairments 
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Decreased efficiency of neuromuscular transmission within the neuromuscular junction 

(NMJ) might have considerable impact on coordinated muscular activation which is essential 

for stable walking. Substantial evidence indicates that alterations in endplate morphology and 

NMJ remodelling occur with aging, preceding the loss of fast motor units. Typically, the 

neurotransmitter release at the postsynaptic membrane of the NMJ exceeds the minimum 

required amount, creating a safety factor that ensures effective transmission even during high-

demand conditions such as fatiguing contractions (Wood & Slater, 2001). Under normal 

conditions, the NMJ facilitates a direct and immediate transmission of action potentials from 

the motor neuron to the muscle fiber. However, with aging, this reliability diminishes (Wood 

& Slater, 2001), likely due to both morphological and physiological age-related alterations and 

remodelling of the NMJ (Hepple & Rice, 2016). Both animal and human experiments show that 

with aging, the pre-synaptic structures undergo degenerative changes characterized by axonal 

denervation and remodelling (Fahim & Robbins, 1982) as well as altered sprouting (Smith & 

Rosenheimer, 1982). Additionally, NMJ represent a decreased number of pre-synaptic vesicles 

and nerve terminals (Rosenheimer, 1990) and show substantial degeneration of endplates 

(Gutmann & HanzlÍKovÁ, 1966; Rosenheimer, 1990). Morphologically, both the nerve 

terminal area as well as the number of post-synaptic folds are reduced with aging resulting in 

functional impairments in the post-synaptic response (Gonzalez-Freire et al., 2014). Until now 

the majority of evidence is still based on animal data, which highlights the importance of human 

studies in order to draw more reliable conclusions on NMJ alterations during human aging.  

4.7 Cognitive-Neural Interplay  

Age-related changes in cognitive function play an important role in modulating the neural 

control of gait and contribute substantially to increased spatial and temporal gait variability. 

Dual-task (DT) interference on gait is consistently greater in individuals with cognitive 

impairment compared with cognitively healthy older adults, and increasing task complexity 
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further exacerbates gait deterioration (Montero-Odasso et al., 2012; Muir et al., 2012; Theill et 

al., 2011). Moreover, the magnitude of DT-related gait disruption scales with the severity of 

cognitive impairment, with individuals with Alzheimer’s disease exhibiting more pronounced 

gait impairments than those with mild cognitive impairment (Muir et al., 2012). Neuroimaging 

studies provide converging evidence for shared neural substrates underlying cognition and gait 

control, demonstrating that white-matter hyperintensities, focal brain atrophy, and subcortical 

structural changes are independently associated with both gait disturbances and cognitive 

dysfunction (Amboni et al., 2013; Gouw et al., 2006; Kafri et al., 2013). In particular, alterations 

in prefrontal, frontoparietal, and sensorimotor regions, as well as disruptions in 

interhemispheric and subcortical connectivity, have been linked to reduced gait speed, altered 

stride parameters, and impaired executive performance, supporting a common neural basis for 

cognitive and motor decline during aging (Amboni et al., 2013; Rosano et al., 2012). 

4.8 Pathological conditions 

From a clinical perspective, distinct aging-related neuropathologies further illustrate how 

specific neural system alterations differentially affect gait dynamics. In Parkinson’s disease, 

degeneration of dopaminergic pathways within the basal ganglia disrupts the automatic 

regulation of movement, resulting in characteristic increases in temporal gait variability, 

impaired rhythmicity, and reduced adaptability to environmental demands (Bohnen et al., 2022; 

Wilkins et al., 2020). In contrast, gait disturbances in Alzheimer’s disease and related dementias 

are more strongly associated with cortical atrophy and cholinergic dysfunction, particularly 

within frontal, parietal and hippocampal regions implicated in attention and executive control 

(Beauchet et al., 2019; Kim et al., 2025; Olazarán et al., 2012). These changes are commonly 

linked to increased spatial gait variability and impaired navigation, reflecting deficits in higher-

order cognitive processing rather than primary motor execution. Together, these disease-
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specific patterns highlight the importance of considering both cognitive function and underlying 

neural pathology when interpreting gait variability in aging populations. 

5. Evidence-based interventions to improve gait performance 

 As a consequence of the high variability in stepping parameters during aging, several 

studies found a significant association with a higher risk of falling or fear of falling (Hausdorff 

et al., 2001; Lockhart et al., 2021; Maki, 1997; Mishra et al., 2022; Thaler-Kall et al., 2015; 

Verghese et al., 2009). In light of the subsequent complications following fall events (Schonnop 

et al., 2013) as well as the public health burden of fatal and non-fatal falls (Florence et al., 

2018), countermeasures to improve gait performance and thus prevent falls are urgently needed. 

Although the occurrence of falls has previously been described as a multifactorial phenomenon 

(Wallis et al., 2022), gait parameters (esp. gait speed) seem to play a key role in predicting falls 

in older adults as highlighted in a recent umbrella review (Beck Jepsen et al., 2022)  

Given a diverse array of factors contributing to an accelerated decline in gait variability (i.e., 

proprioception, balance, strength (Bogen et al., 2020; Hamacher et al., 2019)) with advancing 

age, the majority of studies have focused on multi-factorial interventions in order to address 

multiple risk factors simultaneously (Brach & Vanswearingen, 2013). In a study by Sauvage 

and colleagues (1992), the authors combined both strength and endurance training on gait 

performance in older men and found significant improvements in stride length and gait velocity. 

These findings were confirmed by another study in n=424 older adults, demonstrating that a 

multi-modal physical activity intervention (duration ~1.2 years) facilitates substantial 

improvements in walking speed as compared to the control group receiving health education 

(The, 2006). In a recent meta-analysis, the effectiveness of sensor-based interventions on gait 

performance in older adults were assessed. Interestingly, the findings demonstrated that sensor-

based interventions were at some domains even better than traditional physical exercise 

interventions in improving gait speed (Mao et al., 2024). Lastly, the importance of cognition as 
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a mediator of gait variability must not be neglected. Given that strong evidence suggests a clear 

association between cognition and gait variability in aging, several studies have incorporated 

dual- or multi-task exercises into their intervention programs. The results indicate the 

combination of exercise and cognition training seems to be a strong combination to improve 

stride-to-stride variability in older adults (Ali et al., 2022).  

A precise mechanistic explanation for these improvements following multi-modal exercise 

regimens remains speculative. While exercise interventions have been shown to facilitate 

neuroplasticity in several brain structures (Hötting & Röder, 2013), decrease brain atrophy (Li 

et al., 2017) and have strong effects on dopamine production (Marques et al., 2021), cognitive 

interventions may improve gait via certain cognition domains such as memory and attention 

(Holtzer et al., 2006). However, disentangling the specific mechanisms (cognitive vs. physical 

exercise) underlying such improvements proves challenging, given the intertwined effects of 

physical interventions on cognitive and motor domains.  

6. Future Directions  

Generally, an increase in gait variability presents the inability of our neural control system to 

adequately fine tune stride-to-stride fluctuations during human aging. Although numerous 

observations have already revealed the severe consequences of age-induced changes in gait 

(Hausdorff et al., 2001; Lockhart et al., 2021; Maki, 1997; Mishra et al., 2022; Thaler-Kall et 

al., 2015; Verghese et al., 2009), future work should concentrate on uncovering the neural 

mechanisms that underlie changes in gait patterns which helps to develop tailored interventions 

and therapeutic strategies. Neuroimaging techniques, such as functional MRI and PET scans, 

alongside neurophysiological methods like (mobile) electroencephalography (EEG) (Richer et 

al., 2024) and molecular marker-based assays, should be leveraged to map the neural activity 

associated with gait variability in aging populations. Longitudinal studies are particularly 

important to track neural changes over time and correlate them with gait performance. 
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Moreover, studies should consider the influence of neurodegenerative diseases, such as 

Parkinson's and Alzheimer's, on gait variability, as these conditions often exacerbate gait 

disturbances (Beauchet et al., 2008; Zanardi et al., 2021). Similarly, the assessment of stride-

to-stride fluctuations could also help as a prognostic factor for cognitive impairment (Tuena et 

al., 2023). Integrating machine learning and computational modelling to predict gait variability 

based on neural and biomechanical data could also enhance the precision of diagnostic and 

therapeutic approaches (Zhou et al., 2020). To move the field forward, research should 

prioritize: 1) Causal Validation: Using non-invasive brain stimulation (e.g., tDCS) to determine 

if modulating the prefrontal cortex directly reduces stride-time variability and 2) Bio-marker 

Development: Identifying whether specific MoBI signatures (e.g., frontal theta) can predict 

future fall risk before clinical symptoms appear. 

 

 

Additional information 

 

Competing interest 

None of the authors has a competing interest. 

 

Author contribution 

All authors contributed to the conception or design of the work. CC and LH performed the 

acquisition and analysis of data for the work. All authors contributed to the interpretation of 

results. CC and LH drafted the work and all authors revised it critically for 

important intellectual content. All authors approved the final version of the manuscript.  

 

 

                  



26 

 

References 

Ali, N., Tian, H., Thabane, L., Ma, J., Wu, H., Zhong, Q., Gao, Y., Sun, C., Zhu, Y., & Wang, 

T. (2022, 2022/04/01). The Effects of Dual-Task Training on Cognitive and Physical 

Functions in Older Adults with Cognitive Impairment; A Systematic Review and 

Meta-Analysis. The Journal of Prevention of Alzheimer's Disease, 9(2), 359-370. 

https://doi.org/10.14283/jpad.2022.16  

 

Allali, G., Annweiler, C., Predovan, D., Bherer, L., & Beauchet, O. (2016, Apr). Brain 

volume changes in gait control in patients with mild cognitive impairment compared 

to cognitively healthy individuals; GAIT study results. Experimental Gerontology, 76, 

72-79. https://doi.org/10.1016/j.exger.2015.12.007  

 

Amboni, M., Barone, P., & Hausdorff, J. M. (2013, Sep 15). Cognitive contributions to gait 

and falls: evidence and implications. Movement Disorders, 28(11), 1520-1533. 

https://doi.org/10.1002/mds.25674  

 

Anguera, J. A., Reuter-Lorenz, P. A., Willingham, D. T., & Seidler, R. D. (2011). Failure to 

Engage Spatial Working Memory Contributes to Age-related Declines in Visuomotor 

Learning. Journal of Cognitive Neuroscience, 23(1), 11-25. 

https://doi.org/10.1162/jocn.2010.21451  

 

Baudry, S., & Enoka, R. M. (2009, Oct). Influence of load type on presynaptic modulation of 

Ia afferent input onto two synergist muscles. Experimental Brain Research, 199(1), 

83-88. https://doi.org/10.1007/s00221-009-1951-x  

 

Baudry, S., Maerz, A. H., & Enoka, R. M. (2010). Presynaptic Modulation of Ia Afferents in 

Young and Old Adults When Performing Force and Position Control. Journal of 

Neurophysiology, 103(2), 623-631. https://doi.org/10.1152/jn.00839.2009  

 

Beauchet, O., Allali, G., Berrut, G., Hommet, C., Dubost, V., & Assal, F. (2008, Feb). Gait 

analysis in demented subjects: Interests and perspectives. Neuropsychiatric Disease 

and Treatment, 4(1), 155-160. https://doi.org/10.2147/ndt.s2070  

 

Beauchet, O., Annweiler, C., Celle, S., Bartha, R., Barthélémy, J. C., & Roche, F. (2014, 

Mar). Higher gait variability is associated with decreased parietal gray matter volume 

among healthy older adults. Brain Topography, 27(2), 293-295. 

https://doi.org/10.1007/s10548-013-0293-y  

 

Beauchet, O., Launay, C. P., Annweiler, C., & Allali, G. (2015, Jan). Hippocampal volume, 

early cognitive decline and gait variability: which association? Experimental 

Gerontology, 61, 98-104. https://doi.org/10.1016/j.exger.2014.11.002  

 

Beauchet, O., Launay, C. P., Sekhon, H., Montembeault, M., & Allali, G. (2019, 

2019/01/01/). Association of hippocampal volume with gait variability in pre-

dementia and dementia stages of Alzheimer disease: Results from a cross-sectional 

study. Experimental Gerontology, 115, 55-61. 

https://doi.org/https://doi.org/10.1016/j.exger.2018.11.010  

 

Beck Jepsen, D., Robinson, K., Ogliari, G., Montero-Odasso, M., Kamkar, N., Ryg, J., 

Freiberger, E., & Masud, T. (2022, 2022/07/25). Predicting falls in older adults: an 

                  



27 

 

umbrella review of instruments assessing gait, balance, and functional mobility. BMC 

Geriatrics, 22(1), 615. https://doi.org/10.1186/s12877-022-03271-5  

 

Bogen, B., Moe-Nilssen, R., Aaslund, M. K., & Ranhoff, A. H. (2020, 2020/01/01). Muscle 

Strength as a Predictor of Gait Variability after Two Years in Community-Living 

Older Adults. The Journal of Frailty & Aging, 9(1), 23-29. 

https://doi.org/10.14283/jfa.2019.24  

 

Bohnen, N. I., Yarnall, A. J., Weil, R. S., Moro, E., Moehle, M. S., Borghammer, P., Bedard, 

M. A., & Albin, R. L. (2022, Apr). Cholinergic system changes in Parkinson's disease: 

emerging therapeutic approaches. Lancet Neurology, 21(4), 381-392. 

https://doi.org/10.1016/s1474-4422(21)00377-x  

 

Bolandzadeh, N., Liu-Ambrose, T., Aizenstein, H., Harris, T., Launer, L., Yaffe, K., 

Kritchevsky, S. B., Newman, A., & Rosano, C. (2014, Oct 1). Pathways linking 

regional hyperintensities in the brain and slower gait. Neuroimage, 99, 7-13. 

https://doi.org/10.1016/j.neuroimage.2014.05.017  

 

Boyer, K. A., Hayes, K. L., Umberger, B. R., Adamczyk, P. G., Bean, J. F., Brach, J. S., 

Clark, B. C., Clark, D. J., Ferrucci, L., Finley, J., Franz, J. R., Golightly, Y. M., 

Hortobágyi, T., Hunter, S., Narici, M., Nicklas, B., Roberts, T., Sawicki, G., 

Simonsick, E., & Kent, J. A. (2023, 2023/03/01/). Age-related changes in gait 

biomechanics and their impact on the metabolic cost of walking: Report from a 

National Institute on Aging workshop. Experimental Gerontology, 173, 112102. 

https://doi.org/https://doi.org/10.1016/j.exger.2023.112102  

 

Brach, J. S., Studenski, S., Perera, S., VanSwearingen, J. M., & Newman, A. B. (2008, 

2008/04/01/). Stance time and step width variability have unique contributing 

impairments in older persons. Gait and Posture, 27(3), 431-439. 

https://doi.org/https://doi.org/10.1016/j.gaitpost.2007.05.016  

 

Brach, J. S., & Vanswearingen, J. M. (2013, Dec). Interventions to Improve Walking in Older 

Adults. Curr Transl Geriatr Exp Gerontol Rep, 2(4). https://doi.org/10.1007/s13670-

013-0059-0  

 

Brown, W. F. (1972, Dec). A method for estimating the number of motor units in thenar 

muscles and the changes in motor unit count with ageing. Journal of Neurology, 

Neurosurgery and Psychiatry, 35(6), 845-852. https://doi.org/10.1136/jnnp.35.6.845  

 

Burke, D. (2016). Clinical uses of H reflexes of upper and lower limb muscles. Clin 

Neurophysiol Pract, 1, 9-17. https://doi.org/10.1016/j.cnp.2016.02.003  

 

Burzynska, A. Z., Nagel, I. E., Preuschhof, C., Gluth, S., Bäckman, L., Li, S.-C., 

Lindenberger, U., & Heekeren, H. R. (2012). Cortical thickness is linked to executive 

functioning in adulthood and aging. Human Brain Mapping, 33(7), 1607-1620. 

https://doi.org/https://doi.org/10.1002/hbm.21311  

 

Buzzi, U. H., Stergiou, N., Kurz, M. J., Hageman, P. A., & Heidel, J. (2003). Nonlinear 

dynamics indicates aging affects variability during gait. Clinical Biomechanics, 18(5), 

435-443. https://doi.org/10.1016/S0268-0033(03)00029-9  

 

                  



28 

 

Callisaya, M. L., Beare, R., Phan, T. G., Blizzard, L., Thrift, A. G., Chen, J., & Srikanth, V. 

K. (2013, Jul). Brain structural change and gait decline: a longitudinal population-

based study. Journal of the American Geriatrics Society, 61(7), 1074-1079. 

https://doi.org/10.1111/jgs.12331  

 

Callisaya, M. L., Blizzard, L., Schmidt, M. D., McGinley, J. L., & Srikanth, V. K. (2010, 

Mar). Ageing and gait variability--a population-based study of older people. Age and 

Ageing, 39(2), 191-197. https://doi.org/10.1093/ageing/afp250  

 

Cham, R., Studenski, S. A., Perera, S., & Bohnen, N. I. (2008, Mar). Striatal dopaminergic 

denervation and gait in healthy adults. Experimental Brain Research, 185(3), 391-398. 

https://doi.org/10.1007/s00221-007-1161-3  

 

Chung, S. G., Van Rey, E. M., Bai, Z., Rogers, M. W., Roth, E. J., & Zhang, L. Q. (2005, 

Feb). Aging-related neuromuscular changes characterized by tendon reflex system 

properties. Archives of Physical Medicine and Rehabilitation, 86(2), 318-327. 

https://doi.org/10.1016/j.apmr.2004.04.048  

 

Colledge, N. R., Cantley, P., Peaston, I., Brash, H., Lewis, S., & Wilson, J. A. (1994). Ageing 

and balance: the measurement of spontaneous sway by posturography. Gerontology, 

40(5), 273-278. https://doi.org/10.1159/000213596  

 

Congdon, N., O'Colmain, B., Klaver, C. C., Klein, R., Muñoz, B., Friedman, D. S., Kempen, 

J., Taylor, H. R., & Mitchell, P. (2004, Apr). Causes and prevalence of visual 

impairment among adults in the United States. Archives of Ophthalmology, 122(4), 

477-485. https://doi.org/10.1001/archopht.122.4.477  

 

Cruz-Jentoft, A. J., Bahat, G., Bauer, J., Boirie, Y., Bruyère, O., Cederholm, T., Cooper, C., 

Landi, F., Rolland, Y., Sayer, A. A., Schneider, S. M., Sieber, C. C., Topinkova, E., 

Vandewoude, M., Visser, M., & Zamboni, M. (2019, Jan 1). Sarcopenia: revised 

European consensus on definition and diagnosis. Age and Ageing, 48(1), 16-31. 

https://doi.org/10.1093/ageing/afy169  

 

De Sanctis, P., Wagner, J., Molholm, S., Foxe, J. J., Blumen, H. M., & Horsthuis, D. J. (2023, 

Feb). Neural signature of mobility-related everyday function in older adults at-risk of 

cognitive impairment. Neurobiol Aging, 122, 1-11. 

https://doi.org/10.1016/j.neurobiolaging.2022.11.005  

 

Deschenes, M. R. (2011, Dec). Motor unit and neuromuscular junction remodeling with 

aging. Current Aging Science, 4(3), 209-220. 

https://doi.org/10.2174/1874609811104030209  

 

Dos Santos, R. B., Fiedler, A., Badwal, A., Legasto-Mulvale, J. M., Sibley, K. M., Olaleye, 

O. A., Diermayr, G., & Salbach, N. M. (2023). Standardized tools for assessing 

balance and mobility in stroke clinical practice guidelines worldwide: A scoping 

review. Front Rehabil Sci, 4, 1084085. https://doi.org/10.3389/fresc.2023.1084085  

 

Fahim, M. A., & Robbins, N. (1982, Aug). Ultrastructural studies of young and old mouse 

neuromuscular junctions. Journal of Neurocytology, 11(4), 641-656. 

https://doi.org/10.1007/bf01262429  

 

                  



29 

 

Fettrow, T., Hupfeld, K., Hass, C., Pasternak, O., & Seidler, R. (2023, 2023/03/08). Neural 

correlates of gait adaptation in younger and older adults. Scientific Reports, 13(1), 

3842. https://doi.org/10.1038/s41598-023-30766-x  

 

Florence, C. S., Bergen, G., Atherly, A., Burns, E., Stevens, J., & Drake, C. (2018, Apr). 

Medical Costs of Fatal and Nonfatal Falls in Older Adults. Journal of the American 

Geriatrics Society, 66(4), 693-698. https://doi.org/10.1111/jgs.15304  

 

Freiberger, E., Sieber, C. C., & Kob, R. (2020). Mobility in Older Community-Dwelling 

Persons: A Narrative Review. Frontiers in Physiology, 11, 881. 

https://doi.org/10.3389/fphys.2020.00881  

 

Gamwell, H. E., Wait, S. O., Royster, J. T., Ritch, B. L., Powell, S. C., & Skinner, J. W. 

(2022, Jan-Dec). Aging and Gait Function: Examination of Multiple Factors that 

Influence Gait Variability. Gerontol Geriatr Med, 8, 23337214221080304. 

https://doi.org/10.1177/23337214221080304  

 

Garnett, E. S., Firnau, G., & Nahmias, C. (1983, Sep 8-14). Dopamine visualized in the basal 

ganglia of living man. Nature, 305(5930), 137-138. https://doi.org/10.1038/305137a0  

 

Giorgio, A., Santelli, L., Tomassini, V., Bosnell, R., Smith, S., De Stefano, N., & Johansen-

Berg, H. (2010, 2010/07/01/). Age-related changes in grey and white matter structure 

throughout adulthood. Neuroimage, 51(3), 943-951. 

https://doi.org/https://doi.org/10.1016/j.neuroimage.2010.03.004  

 

Gonzalez-Freire, M., de Cabo, R., Studenski, S. A., & Ferrucci, L. (2014). The 

Neuromuscular Junction: Aging at the Crossroad between Nerves and Muscle. 

Frontiers in Aging Neuroscience, 6, 208. https://doi.org/10.3389/fnagi.2014.00208  

 

Gottfries, C. G. (1990, Dec). Neurochemical aspects on aging and diseases with cognitive 

impairment. Journal of Neuroscience Research, 27(4), 541-547. 

https://doi.org/10.1002/jnr.490270415  

 

Gouw, A. A., Van der Flier, W. M., van Straaten, E. C., Barkhof, F., Ferro, J. M., Baezner, 

H., Pantoni, L., Inzitari, D., Erkinjuntti, T., Wahlund, L. O., Waldemar, G., Schmidt, 

R., Fazekas, F., & Scheltens, P. (2006, Sep). Simple versus complex assessment of 

white matter hyperintensities in relation to physical performance and cognition: the 

LADIS study. Journal of Neurology, 253(9), 1189-1196. 

https://doi.org/10.1007/s00415-006-0193-5  

 

Gutmann, E., & HanzlÍKovÁ, V. (1966, 1966/02/01). Motor Unit in Old Age. Nature, 

209(5026), 921-922. https://doi.org/10.1038/209921b0  

 

Hamacher, D., Liebl, D., Hödl, C., Heßler, V., Kniewasser, C. K., Thönnessen, T., & Zech, A. 

(2019, 2019-January-24). Gait Stability and Its Influencing Factors in Older Adults 

[Original Research]. Frontiers in Physiology, 9. 

https://doi.org/10.3389/fphys.2018.01955  

 

Hausdorff, J. M. (2005, Jul 20). Gait variability: methods, modeling and meaning. Journal of 

Neuroengineering and Rehabilitation, 2, 19. https://doi.org/10.1186/1743-0003-2-19  

 

                  



30 

 

Hausdorff, J. M. (2009, Jun). Gait dynamics in Parkinson's disease: common and distinct 

behavior among stride length, gait variability, and fractal-like scaling. Chaos, 19(2), 

026113. https://doi.org/10.1063/1.3147408  

 

Hausdorff, J. M., Cudkowicz, M. E., Firtion, R., Wei, J. Y., & Goldberger, A. L. (1998, May). 

Gait variability and basal ganglia disorders: stride-to-stride variations of gait cycle 

timing in Parkinson's disease and Huntington's disease. Movement Disorders, 13(3), 

428-437. https://doi.org/10.1002/mds.870130310  

 

Hausdorff, J. M., Rios, D. A., & Edelberg, H. K. (2001, 2001/08/01/). Gait variability and fall 

risk in community-living older adults: A 1-year prospective study. Archives of 

Physical Medicine and Rehabilitation, 82(8), 1050-1056. 

https://doi.org/https://doi.org/10.1053/apmr.2001.24893  

 

Hepple, R. T., & Rice, C. L. (2016, Apr 15). Innervation and neuromuscular control in ageing 

skeletal muscle. Journal of Physiology, 594(8), 1965-1978. 

https://doi.org/10.1113/jp270561  

 

Holtzer, R., Epstein, N., Mahoney, J. R., Izzetoglu, M., & Blumen, H. M. (2014). 

Neuroimaging of Mobility in Aging: A Targeted Review. The Journals of 

Gerontology: Series A, 69(11), 1375-1388. https://doi.org/10.1093/gerona/glu052  

 

Holtzer, R., Verghese, J., Xue, X., & Lipton, R. B. (2006, Mar). Cognitive processes related 

to gait velocity: results from the Einstein Aging Study. Neuropsychology, 20(2), 215-

223. https://doi.org/10.1037/0894-4105.20.2.215  

 

Hortobágyi, T., & DeVita, P. (2000, Apr). Muscle pre- and coactivity during downward 

stepping are associated with leg stiffness in aging. Journal of Electromyography and 

Kinesiology, 10(2), 117-126. https://doi.org/10.1016/s1050-6411(99)00026-7  

 

Hortobágyi, T., Solnik, S., Gruber, A., Rider, P., Steinweg, K., Helseth, J., & DeVita, P. 

(2009, Jun). Interaction between age and gait velocity in the amplitude and timing of 

antagonist muscle coactivation. Gait and Posture, 29(4), 558-564. 

https://doi.org/10.1016/j.gaitpost.2008.12.007  

 

Hötting, K., & Röder, B. (2013, Nov). Beneficial effects of physical exercise on 

neuroplasticity and cognition. Neuroscience and Biobehavioral Reviews, 37(9 Pt B), 

2243-2257. https://doi.org/10.1016/j.neubiorev.2013.04.005  

 

Ito, M., Muramatsu, R., Kato, Y., Sharma, B., Uyeda, A., Tanabe, S., Fujimura, H., Kidoya, 

H., Takakura, N., Kawahara, Y., Takao, M., Mochizuki, H., Fukamizu, A., & 

Yamashita, T. (2021, 2021/03/01). Age-dependent decline in remyelination capacity is 

mediated by apelin–APJ signaling. Nature Aging, 1(3), 284-294. 

https://doi.org/10.1038/s43587-021-00041-7  

 

Jahn, K. (2019). The Aging Vestibular System: Dizziness and Imbalance in the Elderly. 

Advances in Oto-Rhino-Laryngology, 82, 143-149. https://doi.org/10.1159/000490283  

 

Kaasinen, V., & Rinne, J. O. (2002, Nov). Functional imaging studies of dopamine system 

and cognition in normal aging and Parkinson's disease. Neuroscience and 

                  



31 

 

Biobehavioral Reviews, 26(7), 785-793. https://doi.org/10.1016/s0149-

7634(02)00065-9  

 

Kafri, M., Sasson, E., Assaf, Y., Balash, Y., Aiznstein, O., Hausdorff, J. M., & Giladi, N. 

(2013, Jan). High-level gait disorder: associations with specific white matter changes 

observed on advanced diffusion imaging. Journal of Neuroimaging, 23(1), 39-46. 

https://doi.org/10.1111/j.1552-6569.2012.00734.x  

 

Kaplan, F. S., Nixon, J. E., Reitz, M., Rindfleish, L., & Tucker, J. (1985, Feb). Age-related 

changes in proprioception and sensation of joint position. Acta Orthopaedica 

Scandinavica, 56(1), 72-74. https://doi.org/10.3109/17453678508992984  

 

Kim, S.-W., Kim, D. H., Hong, J. Y., Mun, K.-R., Jung, D., Hong, I., Mc Ardle, R., Seong, J.-

K., & Baek, M. S. (2025, 2025/02/14). Gait impairment associated with neuroimaging 

biomarkers in Alzheimer’s disease. Scientific Reports, 15(1), 5539. 

https://doi.org/10.1038/s41598-025-90020-4  

 

Kroneberg, D., Elshehabi, M., Meyer, A. C., Otte, K., Doss, S., Paul, F., Nussbaum, S., Berg, 

D., Kühn, A. A., Maetzler, W., & Schmitz-Hübsch, T. (2018). Less Is More - 

Estimation of the Number of Strides Required to Assess Gait Variability in Spatially 

Confined Settings. Frontiers in Aging Neuroscience, 10, 435. 

https://doi.org/10.3389/fnagi.2018.00435  

 

Lee, H. J., Chang, W. H., Choi, B. O., Ryu, G. H., & Kim, Y. H. (2017, Jan 31). Age-related 

differences in muscle co-activation during locomotion and their relationship with gait 

speed: a pilot study. BMC Geriatrics, 17(1), 44. https://doi.org/10.1186/s12877-017-

0417-4  

 

Lee, J., & Kim, H. J. (2022). Normal Aging Induces Changes in the Brain and 

Neurodegeneration Progress: Review of the Structural, Biochemical, Metabolic, 

Cellular, and Molecular Changes. Frontiers in Aging Neuroscience, 14, 931536. 

https://doi.org/10.3389/fnagi.2022.931536  

 

Li, M. Y., Huang, M. M., Li, S. Z., Tao, J., Zheng, G. H., & Chen, L. D. (2017, Jul). The 

effects of aerobic exercise on the structure and function of DMN-related brain regions: 

a systematic review. International Journal of Neuroscience, 127(7), 634-649. 

https://doi.org/10.1080/00207454.2016.1212855  

 

Lindholm, B., Nilsson, M. H., Hansson, O., & Hagell, P. (2018, Aug). The clinical 

significance of 10-m walk test standardizations in Parkinson's disease. Journal of 

Neurology, 265(8), 1829-1835. https://doi.org/10.1007/s00415-018-8921-9  

 

Lockhart, T. E., Soangra, R., Yoon, H., Wu, T., Frames, C. W., Weaver, R., & Roberto, K. A. 

(2021, 2021/10/25). Prediction of fall risk among community-dwelling older adults 

using a wearable system. Scientific Reports, 11(1), 20976. 

https://doi.org/10.1038/s41598-021-00458-5  

 

Magnani, P. E., Freire Junior, R. C., Zanellato, N. F. G., Genovez, M. B., Alvarenga, I. C., & 

Abreu, D. C. C. (2019, Dec). The influence of aging on the spatial and temporal 

variables of gait during usual and fast speeds in older adults aged 60 to 102 years. 

Hum Mov Sci, 68, 102540. https://doi.org/10.1016/j.humov.2019.102540  

                  



32 

 

 

Maidan, I., Mirelman, A., Hausdorff, J. M., Stern, Y., & Habeck, C. G. (2021, 2021/03/23). 

Distinct cortical thickness patterns link disparate cerebral cortex regions to select 

mobility domains. Scientific Reports, 11(1), 6600. https://doi.org/10.1038/s41598-021-

85058-z  

 

Maki, B. E. (1997, Mar). Gait changes in older adults: predictors of falls or indicators of fear. 

Journal of the American Geriatrics Society, 45(3), 313-320. 

https://doi.org/10.1111/j.1532-5415.1997.tb00946.x  

 

Mao, Q., Zhang, J., Yu, L., Zhao, Y., Luximon, Y., & Wang, H. (2024, 2024/05/28). 

Effectiveness of sensor-based interventions in improving gait and balance 

performance in older adults: systematic review and meta-analysis of randomized 

controlled trials. Journal of Neuroengineering and Rehabilitation, 21(1), 85. 

https://doi.org/10.1186/s12984-024-01375-0  

 

Marques, A., Marconcin, P., Werneck, A. O., Ferrari, G., Gouveia É, R., Kliegel, M., Peralta, 

M., & Ihle, A. (2021, Jun 23). Bidirectional Association between Physical Activity 

and Dopamine Across Adulthood-A Systematic Review. Brain Sci, 11(7). 

https://doi.org/10.3390/brainsci11070829  

 

Marusic, U., Kavcic, V., Giordani, B., Gerževič, M., Meeusen, R., & Pišot, R. (2015, Jun). 

Computerized spatial navigation training during 14 days of bed rest in healthy older 

adult men: Effect on gait performance. Psychology and Aging, 30(2), 334-340. 

https://doi.org/10.1037/pag0000021  

 

Marusic, U., Peskar, M., Šömen, M. M., Kalc, M., Holobar, A., Gramann, K., Wollesen, B., 

Wunderlich, A., Michel, C., Miladinović, A., Catalan, M., Buoite Stella, A., Ajcevic, 

M., & Manganotti, P. (2023). Neuromuscular assessment of force development, 

postural, and gait performance under cognitive-motor dual-tasking in healthy older 

adults and people with early Parkinson's disease: Study protocol for a cross-sectional 

Mobile Brain/Body Imaging (MoBI) study. Open Res Eur, 3, 58. 

https://doi.org/10.12688/openreseurope.15781.3  

 

Mehdizadeh, S., Van Ooteghem, K., Gulka, H., Nabavi, H., Faieghi, M., Taati, B., & Iaboni, 

A. (2021, 2021/01/01/). A systematic review of center of pressure measures to 

quantify gait changes in older adults. Experimental Gerontology, 143, 111170. 

https://doi.org/https://doi.org/10.1016/j.exger.2020.111170  

 

Meng, L., Liang, Q., Yuan, J., Li, S., Ge, Y., Yang, J., Tsang, R. C. C., & Wei, Q. (2023, 

2023/08/25). Vestibular rehabilitation therapy on balance and gait in patients after 

stroke: a systematic review and meta-analysis. BMC Medicine, 21(1), 322. 

https://doi.org/10.1186/s12916-023-03029-9  

 

Mian, O. S., Thom, J. M., Ardigò, L. P., Minetti, A. E., & Narici, M. V. (2007). 

Gastrocnemius muscle–tendon behaviour during walking in young and older adults. 

Acta Physiologica, 189(1), 57-65. https://doi.org/https://doi.org/10.1111/j.1748-

1716.2006.01634.x  

 

Mishra, A. K., Skubic, M., Despins, L. A., Popescu, M., Keller, J., Rantz, M., Abbott, C., 

Enayati, M., Shalini, S., & Miller, S. (2022). Explainable Fall Risk Prediction in Older 

                  



33 

 

Adults Using Gait and Geriatric Assessments. Front Digit Health, 4, 869812. 

https://doi.org/10.3389/fdgth.2022.869812  

 

Mohammed, U., Twycross-Lewis, R., Timotijevic, T., Woledge, R., Bader, D., Paterson, M., 

Coggings, D., & Morrissey, D. (2011). Variability of kinematic and kinetic gait data in 

ambulatory children with spastic cerebral palsy with and without fixed ankle-foot 

orthoses using 3d motion analysis: a quantitative prospective study. British Journal of 

Sports Medicine, 45(2), e1. https://doi.org/10.1136/bjsm.2010.081554.19  

 

Montero-Odasso, M., Muir, S. W., & Speechley, M. (2012, Feb). Dual-task complexity 

affects gait in people with mild cognitive impairment: the interplay between gait 

variability, dual tasking, and risk of falls. Archives of Physical Medicine and 

Rehabilitation, 93(2), 293-299. https://doi.org/10.1016/j.apmr.2011.08.026  

 

Moon, Y., Sung, J., An, R., Hernandez, M. E., & Sosnoff, J. J. (2016, 2016/06/01/). Gait 

variability in people with neurological disorders: A systematic review and meta-

analysis. Human Movement Science, 47, 197-208. 

https://doi.org/https://doi.org/10.1016/j.humov.2016.03.010  

 

Morris, R., Martini, D. N., Madhyastha, T., Kelly, V. E., Grabowski, T. J., Nutt, J., & Horak, 

F. (2019, Jun). Overview of the cholinergic contribution to gait, balance and falls in 

Parkinson's disease. Parkinsonism & Related Disorders, 63, 20-30. 

https://doi.org/10.1016/j.parkreldis.2019.02.017  

 

Muir, S. W., Speechley, M., Wells, J., Borrie, M., Gopaul, K., & Montero-Odasso, M. (2012, 

Jan). Gait assessment in mild cognitive impairment and Alzheimer's disease: the effect 

of dual-task challenges across the cognitive spectrum. Gait and Posture, 35(1), 96-

100. https://doi.org/10.1016/j.gaitpost.2011.08.014  

 

Nagai, K., Yamada, M., Uemura, K., Yamada, Y., Ichihashi, N., & Tsuboyama, T. (2011, 

Nov-Dec). Differences in muscle coactivation during postural control between healthy 

older and young adults. Archives of Gerontology and Geriatrics, 53(3), 338-343. 

https://doi.org/10.1016/j.archger.2011.01.003  

 

Neukomm, L. J., & Freeman, M. R. (2014, Sep). Diverse cellular and molecular modes of 

axon degeneration. Trends in Cell Biology, 24(9), 515-523. 

https://doi.org/10.1016/j.tcb.2014.04.003  

 

Olazarán, J., Hernández-Tamames, J. A., Molina, E., García-Polo, P., Dobato, J. L., Álvarez-

Linera, J., & Martínez-Martín, P. (2012, 2013/01/01). Clinical and Anatomical 

Correlates of Gait Dysfunction in Alzheimer's Disease. Journal of Alzheimer’s 

Disease, 33(2), 495-505. https://doi.org/10.3233/JAD-2012-121207  

 

Orssatto, L. B. R., Borg, D. N., Blazevich, A. J., Sakugawa, R. L., Shield, A. J., & Trajano, G. 

S. (2021, Dec). Intrinsic motoneuron excitability is reduced in soleus and tibialis 

anterior of older adults. Geroscience, 43(6), 2719-2735. 

https://doi.org/10.1007/s11357-021-00478-z  

 

Osoba, M. Y., Rao, A. K., Agrawal, S. K., & Lalwani, A. K. (2019, 2019/02/01). Balance and 

gait in the elderly: A contemporary review. Laryngoscope Investigative 

Otolaryngology, 4(1), 143-153. https://doi.org/https://doi.org/10.1002/lio2.252  

                  



34 

 

 

Palmer, A. K., & Jensen, M. D. (2022, Aug 15). Metabolic changes in aging humans: current 

evidence and therapeutic strategies. Journal of Clinical Investigation, 132(16). 

https://doi.org/10.1172/jci158451  

 

Patelaki, E., Foxe, J. J., Mazurek, K. A., & Freedman, E. G. (2023, Mar 10). Young adults 

who improve performance during dual-task walking show more flexible reallocation 

of cognitive resources: a mobile brain-body imaging (MoBI) study. Cereb Cortex, 

33(6), 2573-2592. https://doi.org/10.1093/cercor/bhac227  

 

Pelosin, E., Ogliastro, C., Lagravinese, G., Bonassi, G., Mirelman, A., Hausdorff, J. M., 

Abbruzzese, G., & Avanzino, L. (2016, 2016-May-09). Attentional Control of Gait 

and Falls: Is Cholinergic Dysfunction a Common Substrate in the Elderly and 

Parkinson’s Disease? [Original Research]. Frontiers in Aging Neuroscience, Volume 8 

- 2016. https://doi.org/10.3389/fnagi.2016.00104  

 

Peskar, M., Omejc, N., Somen, M. M., Miladinovic, A., Gramann, K., & Marusic, U. (2023, 

Mar). Stroop in motion: Neurodynamic modulation underlying interference control 

while sitting, standing, and walking. Biol Psychol, 178, 108543. 

https://doi.org/10.1016/j.biopsycho.2023.108543  

 

Petrella, R. J., Lattanzio, P. J., & Nelson, M. G. (1997, May-Jun). Effect of age and activity 

on knee joint proprioception. American Journal of Physical Medicine and 

Rehabilitation, 76(3), 235-241. https://doi.org/10.1097/00002060-199705000-00015  

 

Piirainen, J. M., Linnamo, V., Cronin, N. J., & Avela, J. (2013, 2013/12/01). Age-related 

neuromuscular function and dynamic balance control during slow and fast balance 

perturbations. Journal of Neurophysiology, 110(11), 2557-2562. 

https://doi.org/10.1152/jn.00476.2013  

 

Pradhan, C., Wuehr, M., Akrami, F., Neuhaeusser, M., Huth, S., Brandt, T., Jahn, K., & 

Schniepp, R. (2015, Apr). Automated classification of neurological disorders of gait 

using spatio-temporal gait parameters. Journal of Electromyography and Kinesiology, 

25(2), 413-422. https://doi.org/10.1016/j.jelekin.2015.01.004  

 

Protzak, J., & Gramann, K. (2021, Aug 9). EEG beta-modulations reflect age-specific motor 

resource allocation during dual-task walking. Sci Rep, 11(1), 16110. 

https://doi.org/10.1038/s41598-021-94874-2  

 

Richer, N., Bradford, J. C., & Ferris, D. P. (2024, 2024/07/01/). Mobile neuroimaging: What 

we have learned about the neural control of human walking, with an emphasis on 

EEG-based research. Neuroscience and Biobehavioral Reviews, 162, 105718. 

https://doi.org/https://doi.org/10.1016/j.neubiorev.2024.105718  

 

Rinne, J. O., Sahlberg, N., Ruottinen, H., Någren, K., & Lehikoinen, P. (1998, Jan). Striatal 

uptake of the dopamine reuptake ligand [11C]beta-CFT is reduced in Alzheimer's 

disease assessed by positron emission tomography. Neurology, 50(1), 152-156. 

https://doi.org/10.1212/wnl.50.1.152  

 

Rosano, C., Aizenstein, H., Brach, J., Longenberger, A., Studenski, S., & Newman, A. B. 

(2008). Special Article: Gait Measures Indicate Underlying Focal Gray Matter 

                  



35 

 

Atrophy in the Brain of Older Adults. The Journals of Gerontology: Series A, 63(12), 

1380-1388. https://doi.org/10.1093/gerona/63.12.1380  

 

Rosano, C., Studenski, S. A., Aizenstein, H. J., Boudreau, R. M., Longstreth, W. T., Jr., & 

Newman, A. B. (2012, Jan). Slower gait, slower information processing and smaller 

prefrontal area in older adults. Age and Ageing, 41(1), 58-64. 

https://doi.org/10.1093/ageing/afr113  

 

Rosenheimer, J. L. (1990, 1990/01/01). Factors affecting denervation-like changes at the 

neuromuscular junction during aging. International Journal of Developmental 

Neuroscience, 8(6), 643-647. https://doi.org/https://doi.org/10.1016/0736-

5748(90)90059-B  

 

Ross, D., Wagshul, M. E., Izzetoglu, M., & Holtzer, R. (2021, Aug). Prefrontal cortex 

activation during dual-task walking in older adults is moderated by thickness of 

several cortical regions. Geroscience, 43(4), 1959-1974. 

https://doi.org/10.1007/s11357-021-00379-1  

 

Rosso, A. L., Olson Hunt, M. J., Yang, M., Brach, J. S., Harris, T. B., Newman, A. B., 

Satterfield, S., Studenski, S. A., Yaffe, K., Aizenstein, H. J., & Rosano, C. (2014, 

2014/05/01/). Higher step length variability indicates lower gray matter integrity of 

selected regions in older adults. Gait and Posture, 40(1), 225-230. 

https://doi.org/https://doi.org/10.1016/j.gaitpost.2014.03.192  

 

Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S., Busa, E., Morris, J. 

C., Dale, A. M., & Fischl, B. (2004, Jul). Thinning of the cerebral cortex in aging. 

Cerebral Cortex, 14(7), 721-730. https://doi.org/10.1093/cercor/bhh032  

 

Salminen, J., Liu, C., Pliner, E. M., Tenerowicz, M., Roy, A., Richer, N., Hwang, J., Hass, C. 

J., Clark, D. J., Seidler, R. D., Manini, T. M., Cruz-Almeida, Y., & Ferris, D. P. (2025, 

Jun 1). Gait speed-related changes in electrocortical activity in younger and older 

adults. J Neurophysiol, 133(6), 1761-1794. https://doi.org/10.1152/jn.00544.2024  

 

Sauvage, L. R., Jr., Myklebust, B. M., Crow-Pan, J., Novak, S., Millington, P., Hoffman, M. 

D., Hartz, A. J., & Rudman, D. (1992, Dec). A clinical trial of strengthening and 

aerobic exercise to improve gait and balance in elderly male nursing home residents. 

American Journal of Physical Medicine and Rehabilitation, 71(6), 333-342. 

https://doi.org/10.1097/00002060-199212000-00005  

 

Schonnop, R., Yang, Y., Feldman, F., Robinson, E., Loughin, M., & Robinovitch, S. N. 

(2013, Nov 19). Prevalence of and factors associated with head impact during falls in 

older adults in long-term care. CMAJ: Canadian Medical Association Journal, 

185(17), E803-810. https://doi.org/10.1503/cmaj.130498  

 

Shafrin, J., Sullivan, J., Goldman, D. P., & Gill, T. M. (2017). The association between 

observed mobility and quality of life in the near elderly. PloS One, 12(8), e0182920. 

https://doi.org/10.1371/journal.pone.0182920  

 

Sibille, E., Su, J., Leman, S., Le Guisquet, A. M., Ibarguen-Vargas, Y., Joeyen-Waldorf, J., 

Glorioso, C., Tseng, G. C., Pezzone, M., Hen, R., & Belzung, C. (2007, Nov). Lack of 

serotonin1B receptor expression leads to age-related motor dysfunction, early onset of 

                  



36 

 

brain molecular aging and reduced longevity. Molecular Psychiatry, 12(11), 1042-

1056, 1975. https://doi.org/10.1038/sj.mp.4001990  

 

Silbert, L. C., Nelson, C., Howieson, D. B., Moore, M. M., & Kaye, J. A. (2008, Jul 8). 

Impact of white matter hyperintensity volume progression on rate of cognitive and 

motor decline. Neurology, 71(2), 108-113. 

https://doi.org/10.1212/01.wnl.0000316799.86917.37  

 

Skiadopoulos, A., Moore, E. E., Sayles, H. R., Schmid, K. K., & Stergiou, N. (2020, 

2020/03/05). Step width variability as a discriminator of age-related gait changes. 

Journal of Neuroengineering and Rehabilitation, 17(1), 41. 

https://doi.org/10.1186/s12984-020-00671-9  

 

Smith, D. O., & Rosenheimer, J. L. (1982). Decreased sprouting and degeneration of nerve 

terminals of active muscles in aged rats. Journal of Neurophysiology, 48(1), 100-109. 

https://doi.org/10.1152/jn.1982.48.1.100  

 

Sorond, F. A., Cruz-Almeida, Y., Clark, D. J., Viswanathan, A., Scherzer, C. R., De Jager, P., 

Csiszar, A., Laurienti, P. J., Hausdorff, J. M., Chen, W. G., Ferrucci, L., Rosano, C., 

Studenski, S. A., Black, S. E., & Lipsitz, L. A. (2015, Dec). Aging, the Central 

Nervous System, and Mobility in Older Adults: Neural Mechanisms of Mobility 

Impairment. Journals of Gerontology. Series A: Biological Sciences and Medical 

Sciences, 70(12), 1526-1532. https://doi.org/10.1093/gerona/glv130  

 

Stålberg, E., Borges, O., Ericsson, M., Essén-Gustavsson, B., Fawcett, P. R., Nordesjö, L. O., 

Nordgren, B., & Uhlin, R. (1989, May). The quadriceps femoris muscle in 20-70-year-

old subjects: relationship between knee extension torque, electrophysiological 

parameters, and muscle fiber characteristics. Muscle and Nerve, 12(5), 382-389. 

https://doi.org/10.1002/mus.880120508  

 

Starr, J. M., Leaper, S. A., Murray, A. D., Lemmon, H. A., Staff, R. T., Deary, I. J., & 

Whalley, L. J. (2003, Jan). Brain white matter lesions detected by magnetic resonance 

[correction of resosnance] imaging are associated with balance and gait speed. Journal 

of Neurology, Neurosurgery and Psychiatry, 74(1), 94-98. 

https://doi.org/10.1136/jnnp.74.1.94  

 

Stenroth, L., Sillanpää, E., McPhee, J. S., Narici, M. V., Gapeyeva, H., Pääsuke, M., 

Barnouin, Y., Hogrel, J. Y., Butler-Browne, G., Bijlsma, A., Meskers, C. G., Maier, A. 

B., Finni, T., & Sipilä, S. (2015, Aug). Plantarflexor Muscle-Tendon Properties are 

Associated With Mobility in Healthy Older Adults. Journals of Gerontology. Series A: 

Biological Sciences and Medical Sciences, 70(8), 996-1002. 

https://doi.org/10.1093/gerona/glv011  

 

Swallow, M. (1966, Jun). Fibre size and content of the anterior tibial nerve of the foot. 

Journal of Neurology, Neurosurgery and Psychiatry, 29(3), 205-213. 

https://doi.org/10.1136/jnnp.29.3.205  

 

Tamburini, P., Bisi, M. C., & Stagni, R. (2015, 2015/09/01/). Characterization of gait 

maturation using frequency domain analysis of CoM acceleration. Gait and Posture, 

42, S11-S12. https://doi.org/https://doi.org/10.1016/j.gaitpost.2015.07.031  

 

                  



37 

 

Thaler-Kall, K., Peters, A., Thorand, B., Grill, E., Autenrieth, C. S., Horsch, A., & Meisinger, 

C. (2015, 2015/03/25). Description of spatio-temporal gait parameters in elderly 

people and their association with history of falls: results of the population-based cross-

sectional KORA-Age study. BMC Geriatrics, 15(1), 32. 

https://doi.org/10.1186/s12877-015-0032-1  

 

Thambisetty, M., Wan, J., Carass, A., An, Y., Prince, J. L., & Resnick, S. M. (2010, Oct 1). 

Longitudinal changes in cortical thickness associated with normal aging. Neuroimage, 

52(4), 1215-1223. https://doi.org/10.1016/j.neuroimage.2010.04.258  

 

The, L. S. I. (2006). Effects of a Physical Activity Intervention on Measures of Physical 

Performance: Results of the Lifestyle Interventions and Independence for Elders Pilot 

(LIFE-P) Study. The Journals of Gerontology: Series A, 61(11), 1157-1165. 

https://doi.org/10.1093/gerona/61.11.1157  

 

Theill, N., Martin, M., Schumacher, V., Bridenbaugh, S. A., & Kressig, R. W. (2011, Jun). 

Simultaneously measuring gait and cognitive performance in cognitively healthy and 

cognitively impaired older adults: the Basel motor-cognition dual-task paradigm. 

Journal of the American Geriatrics Society, 59(6), 1012-1018. 

https://doi.org/10.1111/j.1532-5415.2011.03429.x  

 

Thomas, S. M., Parker, A., Fortune, J., Mitchell, G., Hezam, A., Jiang, Y., de Groh, M., 

Anderson, K., Gauthier-Beaupré, A., Barker, J., Watt, J., Straus, S. E., & Tricco, A. C. 

(2022, Sep 29). Global evidence on falls and subsequent social isolation in older 

adults: a scoping review. BMJ Open, 12(9), e062124. 

https://doi.org/10.1136/bmjopen-2022-062124  

 

Tian, Q., Chastan, N., Bair, W. N., Resnick, S. M., Ferrucci, L., & Studenski, S. A. (2017, 

Mar). The brain map of gait variability in aging, cognitive impairment and dementia-A 

systematic review. Neuroscience and Biobehavioral Reviews, 74(Pt A), 149-162. 

https://doi.org/10.1016/j.neubiorev.2017.01.020  

 

Tuena, C., Pupillo, C., Stramba-Badiale, C., Stramba-Badiale, M., & Riva, G. (2023). 

Predictive power of gait and gait-related cognitive measures in amnestic mild 

cognitive impairment: a machine learning analysis. Frontiers in Human Neuroscience, 

17, 1328713. https://doi.org/10.3389/fnhum.2023.1328713  

 

van der Holst, H. M., Tuladhar, A. M., Zerbi, V., van Uden, I. W. M., de Laat, K. F., van 

Leijsen, E. M. C., Ghafoorian, M., Platel, B., Bergkamp, M. I., van Norden, A. G. W., 

Norris, D. G., van Dijk, E. J., Kiliaan, A. J., & de Leeuw, F. E. (2018). White matter 

changes and gait decline in cerebral small vessel disease. Neuroimage Clin, 17, 731-

738. https://doi.org/10.1016/j.nicl.2017.12.007  

 

Vandenheever, D., & Lambrechts, M. (2023, Jun). Dual-task changes in gait and brain 

activity measured in a healthy young adult population. Gait Posture, 103, 119-125. 

https://doi.org/10.1016/j.gaitpost.2023.04.021  

 

Vandevoorde, K., & Orban de Xivry, J. J. (2019, Aug). Internal model recalibration does not 

deteriorate with age while motor adaptation does. Neurobiology of Aging, 80, 138-153. 

https://doi.org/10.1016/j.neurobiolaging.2019.03.020  

 

                  



38 

 

Vaughan, S. K., Stanley, O. L., & Valdez, G. (2017, Jun 1). Impact of Aging on 

Proprioceptive Sensory Neurons and Intrafusal Muscle Fibers in Mice. Journals of 

Gerontology. Series A: Biological Sciences and Medical Sciences, 72(6), 771-779. 

https://doi.org/10.1093/gerona/glw175  

 

Verdú, E., Ceballos, D., Vilches, J. J., & Navarro, X. (2000, Dec). Influence of aging on 

peripheral nerve function and regeneration. Journal of the Peripheral Nervous System, 

5(4), 191-208. https://doi.org/10.1046/j.1529-8027.2000.00026.x  

 

Verghese, J., Holtzer, R., Lipton, R. B., & Wang, C. (2009, Aug). Quantitative gait markers 

and incident fall risk in older adults. Journals of Gerontology. Series A: Biological 

Sciences and Medical Sciences, 64(8), 896-901. https://doi.org/10.1093/gerona/glp033  

 

Verghese, J., LeValley, A., Hall, C. B., Katz, M. J., Ambrose, A. F., & Lipton, R. B. (2006, 

Feb). Epidemiology of gait disorders in community-residing older adults. Journal of 

the American Geriatrics Society, 54(2), 255-261. https://doi.org/10.1111/j.1532-

5415.2005.00580.x  

 

Verghese, J., Wang, C., Lipton, R. B., Holtzer, R., & Xue, X. (2007, Sep). Quantitative gait 

dysfunction and risk of cognitive decline and dementia. Journal of Neurology, 

Neurosurgery and Psychiatry, 78(9), 929-935. 

https://doi.org/10.1136/jnnp.2006.106914  

 

Verlinden, V. J., de Groot, M., Cremers, L. G., van der Geest, J. N., Hofman, A., Niessen, W. 

J., van der Lugt, A., Vernooij, M. W., & Ikram, M. A. (2016, Jul). Tract-specific white 

matter microstructure and gait in humans. Neurobiology of Aging, 43, 164-173. 

https://doi.org/10.1016/j.neurobiolaging.2016.04.005  

 

Vervoort, D., Buurke, T. J. W., Vuillerme, N., Hortobágyi, T., R, D. E. N. O., & Lamoth, C. 

J. C. (2020, Oct). Adaptive Control of Dynamic Balance across the Adult Lifespan. 

Medicine and Science in Sports and Exercise, 52(10), 2270-2277. 

https://doi.org/10.1249/mss.0000000000002349  

 

Wages, N. P., Mousa, M. H., Clark, L. A., Tavoian, D., Arnold, W. D., Elbasiouny, S. M., & 

Clark, B. C. (2024, Jan). Reductions in Motor Unit Firing are Associated with 

Clinically Meaningful Leg Extensor Weakness in Older Adults. Calcified Tissue 

International, 114(1), 9-23. https://doi.org/10.1007/s00223-023-01123-x  

 

Wallis, A., Aggar, C., & Massey, D. (2022, 2022/02/01/). Multifactorial falls interventions for 

people over 65 years in the acute hospital setting: An integrative review. Collegian, 

29(1), 100-108. https://doi.org/https://doi.org/10.1016/j.colegn.2021.05.003  

 

Wang, Y., Chan, G. L. Y., Holden, J. E., Dobko, T., Mak, E., Schulzer, M., Huser, J. M., 

Snow, B. J., Ruth, T. J., Calne, D. B., & Stoessl, A. J. (1998, 1998/09/01). Age-

dependent decline of dopamine D1 receptors in human brain: A PET study. Synapse, 

30(1), 56-61. https://doi.org/https://doi.org/10.1002/(SICI)1098-

2396(199809)30:1<56::AID-SYN7>3.0.CO;2-J  

 

Wilkins, K. B., Parker, J. E., & Bronte-Stewart, H. M. (2020, Dec). Gait variability is linked 

to the atrophy of the Nucleus Basalis of Meynert and is resistant to STN DBS in 

                  



39 

 

Parkinson's disease. Neurobiology of Disease, 146, 105134. 

https://doi.org/10.1016/j.nbd.2020.105134  

 

Wilson, J., Allcock, L., Mc Ardle, R., Taylor, J.-P., & Rochester, L. (2019, 2019/05/01/). The 

neural correlates of discrete gait characteristics in ageing: A structured review. 

Neuroscience and Biobehavioral Reviews, 100, 344-369. 

https://doi.org/https://doi.org/10.1016/j.neubiorev.2018.12.017  

 

Winter, D. A. (2009). Three-Dimensional Kinematics and Kinetics. In Biomechanics and 

Motor Control of Human Movement (pp. 176-199). 

https://doi.org/https://doi.org/10.1002/9780470549148.ch7  

 

Wolpert, D. M., Goodbody, S. J., & Husain, M. (1998, 1998/10/01). Maintaining internal 

representations: the role of the human superior parietal lobe. Nature Neuroscience, 

1(6), 529-533. https://doi.org/10.1038/2245  

 

Wood, S. J., & Slater, C. R. (2001, Jul). Safety factor at the neuromuscular junction. Progress 

in Neurobiology, 64(4), 393-429. https://doi.org/10.1016/s0301-0082(00)00055-1  

 

Zanardi, A. P. J., da Silva, E. S., Costa, R. R., Passos-Monteiro, E., dos Santos, I. O., Kruel, 

L. F. M., & Peyré-Tartaruga, L. A. (2021, 2021/01/12). Gait parameters of Parkinson’s 

disease compared with healthy controls: a systematic review and meta-analysis. 

Scientific Reports, 11(1), 752. https://doi.org/10.1038/s41598-020-80768-2  

 

Zhou, Y., Romijnders, R., Hansen, C., Campen, J. v., Maetzler, W., Hortobágyi, T., & 

Lamoth, C. J. C. (2020, 2020/03/10). The detection of age groups by dynamic gait 

outcomes using machine learning approaches. Scientific Reports, 10(1), 4426. 

https://doi.org/10.1038/s41598-020-61423-2  

 

Zimmerman, M. E., Lipton, R. B., Pan, J. W., Hetherington, H. P., & Verghese, J. (2009, Sep 

29). MRI- and MRS-derived hippocampal correlates of quantitative locomotor 

function in older adults. Brain Research, 1291, 73-81. 

https://doi.org/10.1016/j.brainres.2009.07.043  

 

 

Declaration of interests 
  
☒ The authors declare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported in this paper. 
  
☐ The authors declare the following financial interests/personal relationships which may be 
considered as potential competing interests: 
 

 

                  


