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Abstract

The intricate interplay of the primary elements of the neurological, musculoskeletal, and cardiorespiratory systems underpins 
human gait. In elderly individuals, a preferred brisk walk is a strong indicator of overall health and quality of life (QoL). However, the 
physiology of walking is complicated. Thus, diagnosis of gait problems requires a thorough understanding of normal gait physiology. 

Gait abnormalities are typically a debilitating side effect of aging. Irrespective of whether neurological or non-neurological in ori-
gin, they are a significant source of disability, morbidity, and mortality in the elderly population. Gait abnormalities result in the loss 
of personal freedom, falls, and injuries, significantly decreasing an individual's QoL. This review discusses the origins and concepts 
of instrumented gait analysis. 

A method for examining gait and essential aspects of prevalent gait abnormalities and their underlying causes are also covered. 
In addition, a clinically focused strategy for treating neurological gait concerns in elderly individuals, and the future of gait analysis 
is presented.
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Abbreviations

3-D: Three-Dimensional; AD: Alzheimer’s Disease; bvFTD: Behavioral Variation FTD; EMG: Electromyography; FTD: Frontotemporal De-
mentia; HD: Huntington’s Disease; PD: Parkinson’s Disease; QoL: Quality of LIfe; RF: Radiofrequency; SCA: Spinocerebellar Ataxia 

Introduction

Walking, a typical everyday action, is highly complex [1]. Since recorded history, physicians and philosophers have been contemplat-
ing how humans move. Aristotle (384–322 BCE) was the first to describe how people walk [2]. In his first written reference regarding the 
analysis of walking, Aristotle explained that the line traced by a reed, soaked in ink, connected to a man’s head, walking over the ground,  
alongside a wall, would not be straight, but zigzag—because the head becomes lower when he bends and higher when he stands straight 
and elevates himself [2]. Aristotle’s On the Gait of Animals, written in 350 BC, was the first work to describe gait analysis [3].
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Galileo Galilei (1564–1642) contributed to gait analysis, examining the behavior of falling bodies and laying the groundwork for me-
chanical movement analysis. Giovanni Alfonso Borelli, one of Galileo’s students, performed the first experiment in gait analysis in 1680. 
He extensively researched the mechanics of animal movement[ 2–4]. 

Figure 1: Adapted from physio.co.uk [21}. GAIT Note: rv 190422.1912.

Wilhelm Eduard Weber (1804–1891) was the next key contributor, as part of a team, that studied these issues. He was best known for 
his research on the eponymous SI unit of magnetic flux [2].

Étienne-Jules Marey (1830–1904), from Paris, published the next significant study on human mobility. Marey was a contemporary gait 
analyzer to who created the first sphygmograph in 1860 and the first cardiogram in 1863. His earliest gait research was performed with 
a student, Gaston Carlet (1849–1892). 

Carlet (1845-1892) designed a shoe with three pressure sensors in the sole that measured the forces applied by the leg on the surface. 
He was the first to record the synchronous bump of the ground response. Carlet’s thesis in 1872 finished with a simple and true depiction 
of the average human gait cycle [2].

Muybridge and Marey invented animated photography in the 1880s that recorded the many motion stages utilizing a photographic 
plate. Muybridge recorded movement with several cameras, and displayed it through presentations and demonstrations [3].

Braune and Fischer devised a technique of three-dimensional (3-D) insight into human mobility in the 1890s, marking a turning point 
in the history of experimental gait analysis. Pictures at a frequency of 26 frames/s were created, using light-emitting markers and trigo-
nometric measurement. Braune and Fischer used this method to examine the rotational displacements of the lower extremity joints [5].

During the 1940s and 1950s, a significant advancement was observed in research on human gait. Verne Thompson Inman and his 
team’s pioneering work highlighted the importance of including technology, orthopedics, and anatomy in gait analysis [6]. The use of this 
method enabled investigations on limb deformations and rotations, kinematics and accelerations, external factors impacting the limbs, 
energy expenditure while walking, and myoelectric muscle stimulation during motion (with dynamic electromyography). 

Shortly thereafter, force plates for gait kinetics assessment, accelerometers for limb motion measurement, single-channel electromy-
ography, and eventually, multichannel electromyography were launched. In the 1970s, goniometry was first used in clinical practice. A 
three-plane, exoskeletal, electrogoniometric approach was developed to measure the sagittal, coronal, and transverse spins of the hip and 
knee joints [7–14].
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In 1972, the Vanguard motion analyzer, consisting of 50 frames/s cameras to capture the subject’s movements, was released. This 
approach benefits from not requiring the participant to wear any equipment and allowing several assessments to be taken in the same 
period. Electromyographic activity may be overlaid on a motion picture film to enable contemporaneous monitoring, allowing both legs 
to be recorded simultaneously. To this technology, six-channel electromyography (EMG) with telemetry and a high-speed cine (movie) 
camera that filmed at the same pace as the mobile patient, delivering more reliable results. 

The 2-D system was improved further with the application of video surveillance to monitor the activities of markers attached to the 
study participant’s body part, and a video-recording device recorded measurements. Also, a computer-assisted estimation of the values of 
the angular position was applied in generating a concise overview of the locomotion system throughout walking [15]. A list of significant 
contributors to gait analysis is provided in Table 1 [2]. 

Date Name Contribution
384–322 Aristotle Theories on the movement of humans and animals

1608–1679 Giovanni Borelli Muscle and tendon biomechanics
1708–1777 Albrecht von Haller Physiology of walking
1734–1806 Paul Barthez
1783–1855 François Magendie
1781–1840 Samuel Poisson
1797–1856 Pierre Gerdy
1804–1891 Wilhelm Eduard Weber Anatomy of mechanics
1806–1871 Eduard Friedrich Weber
1806–1875 Guillaume Duchenne Founder of electrophysiology. Reported Duchenne gait pattern
1844–1924 Friedrich Trendelenburg Orthopedic surgeon. Reported Trendelenburg gait pattern
1830–1904 Étienne-Jules Marey Physiologist. Force and pressure measurement. Chronophotography
1849–1892 Gaston Carlet First essentially correct description of the gait cycle
1850–1918 Georges Demenÿ Pioneer of the photographic method
1830–1904 Eadweard Muybridge Photography of movement
1831–1892 Wilhelm Braune First 3-D gait analysis
1861–1917 Otto Fischer
1896–1966 Nikolai Bernstein Development of motor control theories
1878–1935 Jules Amar Pneumatic three-component force-plate
1893–1971 Wallace Fenn Mechanical one-component force-plate
1905–1980 Verne Inman Founded biomechanics laboratory at the University of California
1906–1993 Howard Eberhart
1925–1984 Pat Murray Instrumental studies of regular walking in men and women

1918–unknown Jacquelin Perry Pioneer of clinical electromyography and observational gait analysis
1923–2006 David Sutherland Digitalization of data from cine film. Development of walking in children
1926–2000 Jürg Baumann Integration of cine photography with electromyography

Table 1: Gait analysis research history.
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In the mid-1970s, 3-D motion analysis techniques were introduced. Further advances in motion analysis were made possible by intro-
ducing microchip digital technology. Current techniques provide a digital visual representation of body movement on a computer screen 
in less than a minute. Furthermore, the emergence of small, lightweight markers—such as active small infrared light-emitting diodes,  
passive infrared reflecting spheres, and EMG telemetry—enabled rapid collection of massive gait data [16].

Discussion

Gait is the walking pattern of an individual. Walking requires muscular coordination and balance to push the body forward in a pat-
tern known as the stride. Gait and sophisticated cognitive functioning are inextricably linked, and walking is no longer seen as a simple 
mechanical action apart from cognition. Walking involves the combination of concentration, preparation, recollection with motor, visual, 
and cognitive functions. Lower cognitive functioning is associated with decreased gait velocity, slower pace, lower frequency, and reduc-
tion in gait diversity [17]. 

Gait may be categorized into normal and abnormal gaits [18]. Normal gait is the walking style that humans use when not disturbed 
[19]. It requires careful regulation of limb motions, orientation, and muscle definition—a highly complicated process involving the entire 
neurological system. Rhythmic activity is generated by specialized neuron groups in the spinal cord and brainstem, which send signals to 
motor neurons, activating limb muscles. 

The cerebral cortex combines information—from the optical, auditory, and proprioceptive systems; hypothalamus, basal ganglia, cer-
ebellum; and afferent neurons—that transport sensory signals from muscle and sensory organs. These systems work in harmony, al-
lowing humans to allow people to walk in a straight, unimpeded line, and alter their stride to avoid obstacles while maintaining balance. 
Abnormalities in any part or aspect of the neurological system can cause gait disorders [20].

In unusual or pathological gait, the bodily systems regulating walking do not function normally. Nerve abnormalities, impaired mo-
tor control, adverse biological factors, and inflammation contribute to pathological gait [18]. Abnormal gait is more common in elderly 
individuals, affecting one in three people older than 60 years. Gait problems are associated with this population’s worsening life quality 
of life (QoL), and frequent nursing home placement. Aberrant gait may also signal the development of dementia in people with moderate 
cognitive impairment [20]. Numerous factors may be responsible for an irregular gait (Figure 2) [21,22].

Figure 2: Examples causing gait abnormality.
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The risk of gait and balance abnormalities increases with age, affecting 10% of those aged 60–69 years and >60% of those aged 80 
years. The incidence increases to 82% in those > 85 years [23]. Variances distinguish different forms of gait in the upper and lower ex-
tremities, total speed, forces, kinetic and potential energy sequences, and variations in surface interactions [24]. A phenomenological 
categorization of common gait abnormalities is provided in Figure 3 [25–28].

Figure 3: Gait disorders.

Identification signs and markers of gait disorders

The identification signs [29] and markers [30–34] of gait disorder are listed in Figure 4. 
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Causes of gait disorders

Biomechanical [1,35] and neurological [36,37] causes of gait disorder are presented in Figure 5. 

Figure 4: Identification signs and markers of gait disorder.

Figure 5: Biomechanical and neurological causes of gait disorder.
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Distinguishing features of gait in neurodegenerative conditions

Gait was once thought to result from central pattern generators created by spinal neural circuits. This proposition led to the notion that 
basic neural circuits responsible for producing and controlling locomotion are primarily found in the spinal cord. Therefore, any lesion to 
the relevant region of the cerebral cortex is likely to impact the walking pattern significantly [38].

Neurodegenerative disease is an abnormal change in the neural system, causing tremors in the limbs, jaw, or face and stiffness and 
slowness of movement due to liver function disruption. Typically, the condition develops over time and causes mobility impairments and 
walking difficulties [39]. Several NDDs unique to gait abnormalities are listed in Figure 6 [40].

Figure 6: Neurodegenerative diseases specific to gait disorders.

Alzheimer’s disease (AD)

Gait abnormalities characterize Alzheimer’s disease (AD) and other dementias. Although the cognitive decline is the most prevalent 
clinical feature of dementia, motor abnormalities such as bradykinesia, extrapyramidal stiffness, and gait difficulties have also been re-
ported, often in the later phases. Major epidemiological studies conducted in the past two decades have revealed that gait problems, 
especially slowing gait, may be evident in the early phases of the disease and even predict patients who may progress to dementia. The 
cohabitation of specific cognitive impairments and gait irregularities is noted in older persons with mild cognitive impairment, a pre-
dementia stage. 

Regarding potential factors involved in gait-cognitive interrelations in dementia syndromes, significant contributors to concurrent 
cognitive and gait impairment include structural and functional brain disruption, such as atrophy of specific subcortical areas, white mat-
ter disease, and amyloid-deposition burden, and accentuated neurotransmitter depletion [41].

Frontotemporal dementia (FTD)

Frontotemporal dementia (FTD), a type of cortical dementia, develops in younger adults and is more frequently associated with neuro-
psychiatric symptoms [42]. It is the second most frequent type of young-onset dementia after AD [43]. The pathologically diverse FTD is 
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characterized by frontal and temporal lobe degeneration. Behavioral variation FTD (bvFTD), semantic dementia, and progressive nonflu-
ent aphasia are the three types of FTD. 

The most prevalent is bvFTD, characterized by behavioral problems (dysregulation, apathy, aspontaneity, lack of flexibility, impatience, 
loss of sensitivity, perseverations, stereotypes, obsessive behavior, hyperorality, and sexual dysfunction). FTD is also characterized by gait 
disturbance. It can be caused by gait apraxia, extrapyramidal syndrome, or muscular weakness in a neuronal motor condition [44].

Parkinson’s disease (PD)

Parkinson’s disease (PD) is primarily a neurodegenerative brain condition that destroys the parts of the brain that govern motion. 
Shuffling gait, decreased balance, and frozen gait are the most common motor dysfunctions observed in patients with PD. Postural con-
trol and gait impairment may emerge in the early stages of PD. They are distinguished by slowing of gait, arm motion reduction, walking 
speed, balance problems, and loss of disassociated arm and trunk movements during walking [45]. Patients with PD have a high risk of 
falls because of gait disruption and freezing. According to prospective studies, 70% of people with PD have at least 1 fall/year, and 39% 
have frequent falls [46].

Huntington’s disease (HD)

Huntington’s disease (HD) is an autosomal dominant hereditary neurological condition characterized by typical gait alterations such 
as reduced walking pace, difficulty initiating steps, and varied walking style. As the disease progresses, mobility deteriorates, the risk of 
falls increases, and functional ability decline, expanding the need for care. Hypokinesia and increased gait variability are frequent gait 
abnormalities in HD. 

Disruption in stride length control, increased step-to-step variance, and interrupted gait begins before clinical indications of HD mani-
fest and intensifies as the severity of the symptoms increases [47]. Because of abnormal gait and frequent falls, patients with HD have a 
lower life quality [48].

Spinocerebellar ataxia (SCA)

Spinocerebellar ataxia (SCA) is a rare condition affecting about 3/100,000 individuals [49]. SCAs are a category of clinically and geneti-
cally diverse neurodegenerative illnesses characterized by loss of coordination and motor control due to malfunction of the cerebellum 
and its afferent sensory linkages [50]. Cerebellar atrophy is one of the most conspicuous signs of SCA. Abnormal gait is the most common 
symptom at SCA onset. Ataxia scales, such as semiquantitative scales, are frequently used to assess clinical gaits in patients with SCA [49]. 

Gait instability in SCA is due to abnormalities in the cerebral regions that regulate stability during slow walking and a more significant 
effect of defective intralimb synchronization during rapid walking. As such, in clinical settings, it is essential to examine the ideal walking 
speed and moderate and rapid walking speeds to identify features of gait instability [51]. 

Friedreich ataxia

Multiple system atrophy and autosomal recessive ataxias, such as Friedreich ataxia, were found in most cerebellar ataxia gait investiga-
tions [49].

Diagnosis of gait disorder

Figure 7 provides a diagnostic approach to categorizing gait abnormalities [52].
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Figure 7: Diagnostic method for categorization of gait disturbances. Key: A: Initially, classification is based on the clinical description of 
gait abnormalities. B: A probable diagnosis is formed based on the findings of ancillary tests and the patient’s subsequent course. C: Only an 

autopsy can provide a definitive diagnosis.

Additional clinical tests for gait, balance, and posture abnormalities, the most significant of which are mentioned in Figure 8, can help 
discern the differential diagnoses [53].

Figure 8: Additional gait and balance tests to obtain details on functional gait and balance characteristics.
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Medical specialties most likely to see patients with gait disorders 

Antalgic gait disturbances (e.g. arthritis) and paretic gait disturbances (e.g. radiculopathy following disk herniation) represent a sig-
nificant proportion of gait abnormalities observed by physicians [52]. The most prevalent neurological reasons are sensory ataxia due to 
peripheral neuropathy, PD, and cortical gait problems related to subcortical vascular encephalopathy or diseases associated with demen-
tia [1]. 

Treatment of gait disorders

Figure 9 details different treatment options for gait disorders [54].
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Figure 9: Treatment options for gait disorders.

Summary

Statistical gait measures, such as stride-to-stride variability, are sensitive predictors of neurological deficits [55]. They can also predict 
future mobility impairment [56] and recurrent dementia [57,58]. Steadily increasing gait variability is observed in patients with neuro-
logical diseases that impact cognition, indicating the association of brain circuits engaged in gait regulation with cognitive abilities [59]. 

For example, gait variation increases from an early phase of AD dementia when mesial-temporal regions are highly affected, among 
other regions [60–64]. High gait variability is observed in patients with Lewy body dementia, in which the subcortical areas and the basal 
ganglia are primarily damaged, and bvFTD, in which the frontal and subcortical regions are primarily affected than other regions [65,66]. 
Gait variation increases in patients with PD as cognitive impairment manifests [67,68].

Future of gait analysis

Gait assessment has considerably advanced in the past century. Significant efforts have been made to build the equipment necessary 
for human movement analysis since the pioneering work of Braune and Fisher. Hand digitizing has been supplanted by automated motion 
tracking systems. Hand palpitation has been supplanted by computer-controlled EMG equipment. Gait analysis technology and expertise 
have evolved to the point where quick analysis is possible [69]. Two new vital technologies in the current gait analysis are detailed in 
Figure 10 [70].
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Figure 10: Contemporary technologies critical for gait analysis.

Conclusion

This article aimed to review studies regarding the associations between neuropathology and gait abnormalities. Moreover, gait can 
be used to potentially identify—early on—some of the most severe neurological conditions, such as AD, PD, and HD. Patients with these 
neurological conditions often have extremely unusual gaits, which motivates researchers and clinicians to target a patient's gait for pos-
sible identification. Importantly, gait abnormalities are not an unavoidable result of aging, rather they can indicate underlying conditions 
that require particular diagnostic procedures. 

Wearable technology and machine learning approaches are currently being applied in gait analyses. Continuing and novel research 
will strengthen the fundamental knowledge of gait disorders, opening new possibilities for better managing this prevalent and debilitat-
ing condition.
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