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Abstract 
 

Among the oldest old, around 20 % still walk normally, suggesting that gait disorders are not an 

unavoidable consequence of aging. Intense researches involving clinicians and neuroscientists are 

focusing on the neural mechanisms of gait control, in order to understand the pathophysiology of gait 

disorders affecting neurological conditions. This thesis aims to present an overview of the behavioral and 

the neuroimaging studies that investigate the “neural correlates of gait disorders in neurological 

conditions”. The combined approach of behavioral measures (i.e. dual-tasking) with various neuroimaging 

techniques, such as functional MRI or metabolic studies, suggests a major role of the prefrontal cortex in 

gait control, with the involvement of an extended cerebral network involving the basal ganglia, the 

hippocampus and the parietal cortex. These new findings offer new perspectives in term of 

pharmacological and non-pharmacological treatments of gait disorders in neurological conditions, such as 

Parkinson’s disease or Alzheimer’s disease. 
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Chapter 1. Introduction 
 

1.1 Gait disorders in neurological conditions 

Gait disorders become very common in community-dwelling adults with aging (1): the prevalence of gait 

disorders increases from 15 % at the age of 60 years to more than 80 % after 85 years (2). However, gait 

disorders are not an unavoidable consequence of aging, because among the oldest old individuals, around 

20 % walk normally (3). This epidemiology suggests that an underlying medical condition constitutes the 

cause of gait disorders. Hence, as for young adults, clinicians should investigate the cause of gait disorders 

in older adults, even for the most elderly.  

Gait disorders are clinically divided in neurological or non-neurological causes, such as arthritis, 

cardiovascular conditions or foot deformities (4). Non-neurological causes of gait disorders and the 

extrinsic influences on gait, such as impaired vision, will be not the focus of this work. Among the 

neurological gait abnormalities (5), we identified different patterns of gait disorders. In Table 1, different 

types of neurological gait disorders are presented along with their clinical characteristics and illustrated by 

some examples of neurological conditions. 
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Table 1. Pattern of neurological gait disorders (personal contribution) 

Type Characteristics  Neurological conditions 

Unsteady Marked sway, loss of balance or 
falls while the individual is 
walking in straight line, placing 
one foot directly in front of the 
other. 

Multiple sclerosis (early stage) 

Ataxic  Wide-based gait with other 
cerebellar features, such as 
intention tremor or 
incoordination. 

Wernicke encephalopathy 
Chronic alcohol consumption 
Cerebellar stroke 
Multiple system atrophy 
Spinocerebellar ataxia 

Frontal Short steps, wide-based, 
magnetic, very slow, symmetric. 

Normal pressure hydrocephalus 
Vascular dementia 
Progressive supranuclear palsy 
Alzheimer’s disease (later stages) 

Parkinsonian Short and shuffling steps, flexed 
posture, “en bloc” turns, absence 
of arm swinging. 

Parkinson’s disease 
Dementia with Lewy bodies 
Chronic neuroleptic consumption  

Neuropathic Uni or bilateral foot drops and 
other neuropathic signs, such as 
sensory loss or absence of deep-
tendon reflexes. 

Diabetes with neuropathy 
Toxic neuropathy (e.g. 
chimiotherapy) 
Guillain-Barré syndrome 
Chronic polyradiculonevritis 

Hemiparetic Asymetrical circumduction of the 
hip in addition to other focal 
signs of stroke (e.g. aphasia). 

Frontal or subcortical strokes 
 

Spastic  Bilateral legs circumduction, legs 
crossing (when severe). 

Multiple sclerosis (later stages) 
Anterior spinal cord conditions 
(e.g.tumor, compression) 

 

 

Identifying the type of neurological gait abnormalities is not only useful to improve diagnostic accuracy, 

but also for the prediction of future neurological conditions, such as dementia: the presence of 

neurological gait abnormalities, especially the presence of unsteady, frontal and hemiparetic gaits can 

predict the development of non-Alzheimer dementia in non-demented older adults (5). The identification 

of neurological gait abnormalities, especially unsteady and neuropathic gaits, has also been associated 

with future adverse medical events, such as falls (6), in non-demented older adults. Even for similar gait 

patterns, such as frontal and parkinsonian gait, the determination of specific gait types may improve the 
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identification of vascular risk factor assessment as parkinsonian gait, but not frontal gait, has been strongly 

associated with vascular risk factors (7).  

Although the clinical assessment of gait is a core feature of neurological examinations, it is not enough to 

identify the underlying neurological conditions or medical adverse events, such as falls. We recently 

showed that combining a quantitative assessment of gait, such as measuring gait speed, to the clinical gait 

assessment improves the identification of future fallers (8).  

Experts and national organizations recommend the quantification of gait for the identification of clinical 

adverse events (9-12). Gait speed is a strong predictor of disability, cognitive decline or mortality (5, 6, 

13, 14). The huge development of user-friendly portable tools, such as instrumented walkway or 

footswitches with accelerometers, to measure gait offers new perspectives to clinicians. The availability of 

such devices now allows clinicians an easy access to quantitative gait parameters that are more 

sophisticated than gait speed alone, such as the measure of gait variability. For instance, gait variability, 

specifically stride time variability that reflects the regularity of gait, has been associated with the cortical 

control of gait (15). Stride time variability (expressed in percentage) calculated by the following formula:  

(SD of stride time/mean value of stride time) x 100 

has been extensively studied in neurological conditions, such as Parkinson’s disease (16-19), multiple 

sclerosis (20-22) and dementia (23-26). This parameter that has been linked to a specific subtype of 

executive functions (27) represents an interesting biomarker of disease progression (25), treatment 

response (28-31), or diagnosis of neurological disease (24, 26, 32, 33). High stride time variability that 

reflects disturbed gait regularity has been suggested as an appropriate biomarker for identifying subtypes 

and stage of dementia (34). Vascular and/or neurodegenerative mechanisms that interfere with the various 

brain regions involved in the control of gait would have a direct impact on gait variability. Different 

models (3, 35, 36), as presented in Figure 1, has been tried to synthesize the complexity of the various 

brain regions and their related networks involved in the control of gait.  
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As suggested by the identification of different clinical patterns of gait disorders and their link with 

dementia and/or vascular risk factors, individual quantitative gait parameters have been related with 

specific cognitive functions (37). For instance, based on a factor analysis approach, three factors – pace, 

rhythm and variability – have been identified from the original gait variables, such as gait speed, stride 

length or stride time variability, measured in healthy older adults without dementia. These individual 

factors have been linked with specific cognitive domains (i.e. executive function or memory): pace factor 

with decline in global cognitive functions and executive functions and the rhythm factor with decline in 

episodic memory. In term of dementia prediction, both rhythm and variability factors predict future risk of 

dementia (37). Alternative factor analyses based on studies focusing on discrete aspects of gait suggest 

five main factors: pace (step velocity, step length, step time variability, swing time variability, and stance 

time variability); rhythm (step time, swing time, and stance time); asymmetry (step time asymmetry, 

swing time asymmetry, and stance asymmetry); variability (velocity variability, step length variability, 

and step width variability); and postural control (step width and step length asymmetry). Some of these 

factors are associated with cognitive functions and behavior (i.e. executive functions with postural control; 

balance self-efficacy with pace and asymmetry) (38). This factor analysis has been associated with 

functional deficits encountered in rare neurological conditions, such as mitochondrial disease (39). 

Interestingly, in Parkinson’s disease, these factors have been able to identify disease progression or 

response to levodopa therapy (40). In addition to these two approach relying on factor analysis, a third one 

suggests the inclusion of two additional domain: the tandem factor that reflects errors during tandem gait 

and the turning domain that includes the characteristics of turning (i.e. number of turning step and turning 

time) (41). These both domains have been related to falls (42, 43). Using a similar approach that consists 

of using the link between individual gait parameters and cognitive domains, we focused on a newly 

developed predementia syndrome called the Motoric Cognitive Risk (MCR) syndrome (44). This 

syndrome associates the presence of a cognitive complaint to a slow gait speed in older adults without 

dementia. The worldwide prevalence of this syndrome has been evaluated at 9.7 % among 26’802 

individuals without dementia older than 60 years (45). The MCR syndrome predicts the future 
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development of dementia and presents the main advantage of relying on criteria independent on time or 

cost-consuming factors, such as expansive neuroimaging methods or comprehensive neuropsychological 

assessments (44-46). We identified five individual subtypes of MCR, based on different gait parameters: 

gait speed, stride length, swing time, stride length variability and swing time variability. We showed that 

each individual MCR subtype was associated with specific cognitive domains, decline in individual 

cognitive domains and with various risk factors (47).  

Studying the clinical pattern of gait disorders and/or quantifying gait parameters improve the diagnosis, 

the follow-up and the treatment of neurological conditions. In neurodegenerative conditions, such as 

dementia, clinical gait abnormalities (5) as well as quantitative gait parameters (37) contribute to better 

identify Alzheimer’s disease from non-Alzheimer’s dementia. In terms of follow-up or disease 

progression, using the example of multiple sclerosis – the most prevalent non-traumatic disabling 

condition in young adults - the measurment of gait parameters predicts the long-term disability (48, 49). 

The use of quantitative gait parameters also contributes to measure the treatment response in neurological 

conditions, and improve the understanding of the physiological mechanisms of the pharmacological drugs 

and the rehabilitative strategies (28-31, 50-52). 

1.2 Classification and clinical approach of neurological gait disorders 

Besides the clinical classification of neurological gait disorders presented in Table 1, many other 

classifications coexist based on a hierarchical, etiological or anatomical approach (3, 53). The hierarchical 

approach divides the nervous system into 3 levels (36): 
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Table 2. Hierarchical approach (personal contribution)   

Levels Anatomy Examples 

Lower Muscles; 
Motor and sensitive peripheral 
nerves (including vestibular and 
ophthalmic nerves) 

Motor or sensitive neuropathy; 
 

Middle Corticospinal or lemniscal 
pathways; 
Cerebellum. 

Tabes dorsalis; 
Spinal cord compression; 
Wernicke encephalopathy; 

Higher Basal Ganglia; 
Cortex 

Parkinson’s disease; 
Vascular dementia 

 

The etiological classification relies on the underlying pathology, such as vascular or neurodegenerative 

conditions, and the anatomical classification focuses on the localization of the lesions (i.e. frontal lobe, 

cerebellum, peripheral nerves). Every classification has its own limitations, and none of them is broadly 

accepted in clinical or in research settings (35). As the gait assessment is a core feature of the neurological 

examination, the clinicians need a structured approach to identify the neurological conditions behind the 

gait disorders. Here, an integrative hierarchical approach is suggested to better improve the diagnosis of 

gait disorders: 
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Figure 1. Clinical approach of gait disorders (personal contribution) 

 

The different classifications and the suggested clinical approach of gait disorders (Figure 1) highlight the 

complexity of the diagnosis of gait disorders from a neurological origin. Furthermore, as suggested in 

Figure 1, the clinical approach of gait disorders relies on the medical interview; the general and 

neurological examinations; and the paraclinical examinations. The integration of this multimodal approach 

contributes to the diagnosis of the underlying neurological condition that often combines different 

etiologies in older adults (54). This integrative approach of the diagnosis of gait disorders highlights the 

interaction of gait control with various individual subsystems, such as cognitive functions.  

1.3 Interaction between gait and cognition 

Although early research suggested the involvement of higher levels of gait control (55, 56), gait has been 

traditionally considered as an automatic function independent from cognition, relying on spinal networks 
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called “central pattern generators” (57). However, with new advances of functional neuroimagery 

techniques, as well as the easy access to user-friendly and low expensive gait analysis systems, intense 

clinical and engineering collaborative researches have recently demonstrated the cerebral (cortical and 

subcortical regions) correlates of gait control and its relationship with cognitive functions (3, 58).  

Initially based on clinical observations linking gait disorders to cognitive disturbances, adapted cognitive 

paradigms, such as the study of gait during dual tasking, have been developed to better understand the 

close interaction between gait and cognition (59-61). The dual task paradigm relies on the realization of a 

simultaneous interfering task (i.e. motor or cognitive) during gait. An intact ability to appropriately 

allocate attention to both tasks (gait and the interfering task) is required to correctly perform this 

paradigm. Thus, the study of the gait (i.e quantitative gait parameters) and the interfering task 

performances allow easy access to the interaction between gait and cognition (59, 60). It has been 

demonstrated that healthy older adults present a decreased gait speed during dual tasking in comparison to 

young adults, suggesting an increased age-related attentional demand to walking (62). Similarly in older 

adults with cognitive dysfunction, especially with disturbed frontal lobe functions, the use of dual tasking 

showed decreased gait performances in comparison to healthy older adults (18, 23, 60, 63-65). 

Interestingly, such an approach revealed an unknown symptomatic walking deficit in neurodegenerative 

conditions that were traditionally known to affect cognitive and behavioral functions, as demonstrated in 

the behavioral variant of the frontotemporal dementia (23). The use of dual tasking also revealed 

infraclinical gait disorders in patients with neurological conditions that don’t show any gait disturbances 

when walking is assessed without any interference (66, 67). This dual-task interference has been related 

not only with dementia or specific cognitive deficits, but also with falls, disability or accelerated disease 

progression (21, 68-73). 

Another aspect of this interaction between gait and cognition revealed by the dual task paradigm concerns 

task prioritization. The competition between gait and the interfering task is not always prioritized the same 

way in healthy adults and in patients with neurological conditions (74). Healthy adults safely prioritize the 
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gait stability instead of the interfering task performances (75). This “unconscious” behavior adopted by 

healthy adults, defined as the posture-first strategy, prevents the occurrence of falls while walking. 

Inversely, patients with Parkinson’s disease adopt a posture-second strategy in which they prioritize the 

interfering cognitive tasks with the consequence of an unsafe gait leading to falls (76). This posture-

second strategy frequently adopted by patients with neurological conditions may be part the reason why 

patients with very mild gait disorders, such as patients with early Alzheimer’s disease, present an 

abnormal increased rate of falls in comparison to healthy older adults. This “bad judgment” of the posture-

second strategy may be explained by cognitive deficits, especially disturbed executive functions (77). 

However, this model of the posture second strategy used by patients with Parkinson’s disease has been 

reconsidered in patients with intact cognition (77).  

Besides the use of dual task paradigms, epidemiological studies conducted in aging have contributed to a 

better understanding of this complex relationship between gait and cognition. Gait abnormalities in 

healthy older adults have been related cross-sectionally with cognitive performances (26, 27, 37, 58, 60, 

68) and behavioral disturbances, such as fear of falling (78-80). Furthermore, it has been shown that 

quantitative (37) or clinical gait abnormalities (5) precede the onset of mild cognitive impairment (24, 25, 

58) and dementia (23, 25, 58, 59, 81, 82). Finally, this interaction between gait and cognition has been 

largely studied by the use of cerebral imaging as presented in the following chapters.  

1.4 Cerebral correlates of gait control 

The neural correlates of gait control have been extensively studied during the last few years using 

different neuroimaging techniques, such as electroencephalography, magnetic resonance imaging (MRI), 

nuclear imaging or functional near infrared spectroscopy (fNIRS) (83-86). These various techniques give 

us access to the brain structure and functional substrates involved in gait control. Each neuroimaging 

technique presents its own advantages and limitations that we will review in detail here, in addition to the 

cerebral regions involved in the control of gait. We will then focus on four articles (Chapter 3), their 

detailed methodological approaches and their associated results.  



  14 
 

1.4.1 Morphological study 

The recent advance of neuroimaging allows a quantification of white matter (WM) and grey matter (GM) 

volumes. Cross-sectional and longitudinal studies have correlated gait performances with WM or GM 

volumes (87-89). WM volumes reduction and abnormalities have been associated with poor gait (90, 91). 

Age-related white matter abnormalities that reflect lesions in the WM due to aging (92, 93) have been 

associated with poor gait performances that are similar to gait disturbances found in Parkinson’s disease. 

One of the major differences is that older adults with WM disease walk with increased stride width (94). 

Small well-defined subcortical infarcts, called lacunes, and diffuse areas of white matter disease, called 

leukoaraiosis contribute to the cerebral microangiopathy. Several studies showing this association between 

poor gait and age-related white matter abnormalities used different mobility outcomes, such as 

quantitative gait parameters or different mobility scales (89, 95, 96). These converging results suggest that 

these WM abnormalities disrupt the fronto-subcortical networks linking the dorsolateral prefrontal, 

orbitofrontal, anterior cingulate, motor and supplementary areas with the basal ganglia. These neuronal 

networks are also involved with executive function, this explains the co-occurrence of gait disorders and 

cognitive deficits in older adults (97).  

An extended pattern of GM volume reduction has been associated with poor gait control (29, 98-101). 

Besides the important role of the frontal cortex, hippocampus and parietal regions have been also 

associated with gait control (29, 98, 102-104). The role of the hippocampus is also key in topographical 

orientation and spatial navigation (9, 105-110), both functions that contribute to gait efficiency. Regarding 

the parietal cortex, it regulates the body coordination in relation to the environment (111), this represents a 

cognitive function essential to body movement. This complex relationship between volume reduction 

involving different brain regions and gait control highlights that the control of gait relies on different 

cognitive and motor domains.   
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1.4.2 Functional study 

a. Functional magnetic resonance imaging (fMRI) 

The success of functional MRI – a non-invasive technique detecting the blood oxygen level-

dependent (BOLD) changes that follow a change in brain activation (112) - offers the opportunity 

to study the neural substrate of locomotion. The main limitation of this neuroimaging technique 

needs that the subject remains immobile in a supine position during the scanning protocol, this 

prevents the study of actual gait. Mental imagery of locomotion protocols have been developed to 

study the cerebral regions activated by gait tasks – reflecting the brain areas activated by the 

actual execution of gait (113). These mental imagery protocols include comparison of brain 

activation between gait and standing position (114-116); between older and younger adults (28, 

117); or between healthy controls and pathological populations (118-120). An extended network 

involving the prefrontal cortex, the hippocampus and subcortical regions, such as the cerebellum 

and the pedunculopontine nucleus, showed increased activation during gait tasks. An emerging 

approach studying the spontaneous BOLD fluctuation during rest, called resting-state fMRI, 

examines the brain regions functionally connected independently to any activation tasks (121). 

Individual cortical networks in relationship to specific cognitive functions or neurological 

conditions, such as Alzheimer’s disease or Parkinson’s disease, have been identified (122-125). 

This approach has been also used to identify the functional networks associated with gait in non-

demented older adults: sensorimotor, visual, vestibular and fronto-parietal areas have been 

associated with gait speed (126). The identification of disrupted resting-state networks involving 

the executive and the visual areas have been associated with the development of freezing of gait 

in patients with Parkinson’s disease (101). 
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b. Functional near-infrared spectroscopy (fNIRS) 

Functional near-infrared spectroscopy (fNIRS), a non-invasive neuroimaging techniques, measures the 

cortical blood oxygen changes using the interaction between the light (within the near infrared spectrum) 

and the brain tissue. This method, less sensitive to motion artifacts, offers the possibility to study the brain 

oxygenation, reflecting the brain metabolism, during the online locomotion, but with a limited coverage of 

the scalp (85). Most studies assessing mobility focused on the prefrontal cortex (127-131). Increased brain 

oxygenation in the prefrontal cortex has been shown during gait in healthy younger (131, 132) and older 

(129, 130, 133) adults and in stroke patients (134). Furthermore, whilst performing challenging cognitive 

tasks while walking (i.e. dual-task), healthy younger and also older adults required more brain 

oxygenation than during usual walking (129, 130, 135). This greater prefrontal activation during dual-

tasking has been related to the maintenance of the cognitive performance, but not to the gait velocity (130) 

that is consistent with the model of neural compensation (136). A similar involvement of the prefrontal 

cortex has been also demonstrated in patients with Parkinson’s disease during freezing episodes (137). 

1.4.3 Metabolic study 

The use of radioactive tracers, such as fludeoxyglucose-18 - a glucose analog crossing the blood-brain 

barrier – reflects the cerebral metabolism during the minutes following its injection that allows an access 

to the brain regions activated during this time. In addition to correlation studies, this neuroimaging method 

gives the opportunity of an “online” measure of the brain activity during the motor task (i.e. gait). Studies 

correlating the resting-state glucose metabolism with gait performances showed the involvement of 

prefrontal, posterior cingulate and parietal cortices in gait control (138). The same neuroimaging method 

was used to understand the neural pattern of neurodegenerative conditions affecting gait, such as the pure 

akinesia with gait freezing that shows similar pathophysiological mechanisms as the progressive 

supranuclear palsy (139).  

The “online” measurement of brain activity during gait using glucose metabolism showed that healthy 

older adults activates in addition to the sensorimotor area, the prefrontal cortex as well as the hippocampus 
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(140). A similar approach has been used to study the neural substrates of gait disturbances in parkinsonian 

syndrome, such as Parkinson’s disease or progressive supranuclear palsy (141, 142). In patients with 

progressive supranuclear palsy, a decreased activation during locomotion was observed in the prefrontal 

cortex, the subthalamic nucleus and the pedonculopontine nucleus, whereas an increased activation was 

reported in the primary motor cortex, suggesting a compensatory mechanism (142). Similarly, by 

comparing patients with Parkinson’s disease with and without freezing of gait, patients with freezing 

episodes presented an impaired metabolic activity during gait in the prefrontal cortex, but an increased 

activation in the parietal pole that was interpreted  as a need for external cues (141). 

Another advantage of metabolic imaging concerns the access of ligands that label specific 

neurotransmitter pathways, such as the cholinergic or the dopaminergic systems by using positron 

emission tomography (PET) or single photo emission computerized tomography (SPECT). The 

cholinergic denervation plays a key role in the decreased gait speed observed in patients with Parkinson’s 

disease (143), even early in the course of the disease (144), and contributes to the pathophysiology of 

freezing of gait in patients with Parkinson’s disease (145). If previous studies (146, 147) suggest a 

correlation between ligands labeling the dopaminergic system and gait in patients with Parkinson’s 

disease, we explored the association between quantitative gait parameters and DAT-Scan binding in 

patients with parkinsonian syndrome in a specific study (148). 

1.4.4 Electrophysiological study 

Despite the limitation of artifact movements, the feasibility of recording electroencephalographic signals 

during walking under certain definite circumstances has been demonstrated by different research groups 

(149-152). The high temporal resolution of EEG and the entire brain coverage represent the main 

advantage of this technique to measure the cortical activity during locomotion. The study of power 

spectral changes during gait cycle demonstrated the role of the anterior cingulate, the sensorimotor and the 

posterior parietal cortices (152). High-density EEG has been also used to study the connectivity during 

locomotion and showed reduced functional connectivity during walking in the sensorimotor cortex in 
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comparison to standing (153). The use of event-related potential (ERP) during walking while performing a 

cognitive task revealed differences in amplitude, latency and topography of the ERP associated with 

inhibitory controls between walking and sitting (149). Although the use of EEG for measuring the neural 

substrate of gait is increasing, recent findings suggest that more sophisticated methods for identifying and 

removing EEG artifact are still needed (154). 

  



  19 
 

Chapter 2. Behavioral Studies 

 

2.1 Frontotemporal dementia: Pathology of gait? 

 

This paper has been published in Movement Disorders 2010;25(6):731-737 by Gilles Allali, Bruno 

Dubois, Frédéric Assal, Elise Lallart, Leonardo C. de Souza, Maxime Bertoux, Cédric Annweiler, 

François R. Herrmann, Richard Lévy, and Olivier Beauchet. 

 

The behavioral variant of the frontotemporal degeneration (bvFTD) associates classically a behavioral 

presentation with impaired executive function. The presence of gait disorders is not included in the 

diagnosis criteria of this neurodegenerative dementia (155). Following the strong relationship between 

executive function and gait control in older adults, we hypothesized in this study that patients with bvFTD 

will present more disturbed quantitative gait parameters in comparison to healthy older adults, but also to 

patients with another neurodegenerative dementia, such as Alzheimer’s disease, that classically shows a 

less impaired executive functioning than bvFTD. Using a footswitch system for quantifying gait 

parameters, this study showed that patients with bvFTD presented more gait instability than healthy older 

adults, but also than patients with Alzheimer’s disease. These findings suggest that the diagnosis of 

bvFTD should be considered in demented older adults with gait instability. 
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2.2 Dual-task related gait changes after CSF tapping: a new way to identify 

idiopathic normal pressure hydrocephalus 

 

This paper has been published in Journal of Neuroengineering and Rehabilitation 2013:10:117 by Gilles 

Allali, Magali Laidet, Olivier Beauchet, François R. Herrmann, Frédéric Assal and Stéphane Armand. 

 

Patients with idiopathic normal pressure hydrocephalus (iNPH) present a clinical triad of gait disorders, 

cognitive disturbances and urinary incontinence associated with enlarged brain ventricles at neuroimaging. 

The clinical and the radiological presentation of iNPH are unspecific and can be observed in various 

neurological conditions mimicking iNPH, such as Parkinson’s disease or vascular dementia (iNPH 

mimics). Identifying patients with iNPH from its mimics represents a challenge for clinicians, because this 

condition can be treated by an invasive neurosurgical treatment consisting on the placement of a shunt. 

This study aims to improve the clinical identification of patients with iNPH from its mimics by studying 

the changes of gait parameters before and after CSF tapping between patients with iNPH and mimics. Gait 

parameters, including gait speed, stride length or stride time have been systematically assessed before and 

after CSF tapping – a medical procedure simulating the effect of the shunt. In order to increase the 

sensitivity of the gait measurement, we included a quantification of gait parameters during the realization 

of a cognitive task (i.e. dual tasking). The study showed the interest of combining a quantification of gait 

parameters while performing a cognitive task before and after CSF tapping in order to identify patients 

with iNPH from its mimics.  
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Chapter 3. Neuroimaging Studies 

 

3.1 Hippocampal volume, early cognitive decline and gait variability 

 

This paper has been published in Experimental Gerontology 2015;61:98-104 by Olivier Beauchet, Cyrille 

P. Launy, Cédric Annweiler and Gilles Allali. 

 

Following the role of hippocampus in memory and spatial navigation, this study aims to examine the 

association between hippocampal volume and gait parameters in healthy older adults and in subjects with 

mild cognitive impairment (MCI) that is a translational state between normal aging and dementia. This 

cross-sectional study focused on specific gait parameters (mean value and coefficient of variation of stride 

time) that have been previously suggested as appropriate markers of gait control. The hippocampal 

volume was measured with a semi-automated software (FreeSurfer). Following our hypothesis, the study 

showed that healthy older adults and participants with MCI present a different association between 

hippocampal volume and gait control.  
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3.2 The neural basis of age-related changes in motor imagery of gait: an fMRI 

study 

 

This paper has been published in Journal of Gerontology: Medical Sciences 2014;69(11):1389-1398 by 

Gilles Allali, Marian van der Meulen, Olivier Beauchet, Sebastian W. Rieger, Patrik Vuilleumier and 

Frédéric Assal. 

 

This study aimed to describe the age-related changes of the neural substrate of mental imagery of gait. We 

used a validated gait imagery task (156) to compare the brain activation during functional MRI between 

healthy young and older adults. The imagery task required that the subjects imagine themselves while 

walking on easy and difficult paths. We showed an increased activation in healthy older adults in 

comparison to the young group in a brain networks involving the prefrontal cortex. Furthermore, the left 

hippocampus was specifically involved in the elders, when they imagined themselves while walking on 

the difficult path. According to the compensation hypothesis that suggests that older adults need to 

increase their brain activation to compensate decline in performance, these findings suggest the major role 

of executive functions, spatial navigation and memory – these functions are monitored by the same brain 

regions – in the control of gait in aging.  
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3.3 The role of prefrontal cortex during postural control in Parkinsonian 

syndromes: a functional near-infrared spectroscopy study 

 

This paper has been published in Brain Research 2016;1633:126-138 by Jeannette R. Mahoney, Roee 

Holtzer, Meltem Izzetoglu, Vance Zemon, Joe Verghese and Gilles Allali. 

 

Patients with parkinsonian syndromes and older adults with mild parkinsonian signs present disturbed gait 

control that is associated with adverse clinical outcomes, such as falls or disability. The study aims to 

compare the neural substrate involved in postural control in healthy older adults, patients with mild 

parkinsonian signs and patients with parkinsonian syndrome. We used the functional near-infrared 

spectroscopy (fNIRS) to investigate the online prefrontal activation during a postural task. This study 

showed that patients with parkinsonian syndrome need to increase their prefrontal oxygenation to maintain 

the postural task. This study highlights the compensatory role of the prefrontal cortex in patients with 

parkinsonian syndrome.  
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3.4 Dopaminergic denervation is not necessary to induce gait disorders in 

atypical parkinsonian syndrome 

 

This paper has been published in Journal of Neurological Sciences 2015;351(1-2):127-132 by Gilles 

Allali, Valentina Garibotto, Ismini C. Mainta, Stephane Armand, Richard Camicioli, Osman Ratib, Habib 

Zaidi, François R. Herrmann and Frédéric Assal. 

 

This study investigates the role of the nigrostriatal pathway on quantitative gait parameters in patients with 

parkinsonian syndrome. In order to avoid the interference of dopaminergic and anti-dopaminergic drugs, 

this investigation excludes patients with Parkinson’s disease and also any patients treated by dopaminergic 

or anti-dopaminergic drugs. Based on the observation of the dopa-resistive gait disorders in parkinsonian 

syndrome and the major role of the prefrontal cortex in gait control, we hypothesized that the nigrostriatal 

pathway will not have a major role in gait disorders in parkinsonian syndromes. Comparing the gait 

parameters between patients with normal and abnormal nigrostriatal pathway (assessed by the [123I]FP-

CIT SPECT), we showed that quantitative gait parameters, including gait speed, stride length and stride 

time, were similar between both groups. This study suggests that non-dopaminergic pathways play a 

major role in gait disorders in patients with parkinsonian syndromes. By instance, non-dopaminergic drugs 

should be considered for treating gait disorders in parkinsonian syndromes. 
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Chapter 4. Discussion 

 

4.1 Summary of the study findings.  

Determining the neural correlates of neurological gait disorders represents a real challenge, which 

explains why we used a combined approach of behavioral studies with different neuroimaging methods. In 

Chapter 2, which focused on behavioral studies, we reported the interest of measuring quantitative gait 

parameters in well-determined degenerative and reversible neurological conditions. This approach has 

been extensively used with the quantification of gait parameters in Parkinson’s disease (157-161), 

Alzheimer’s disease (28, 29, 162, 163) or other dementias (23, 63, 64). Here, by comparing the gait 

patterns of patients with frontotemporal dementia and Alzheimer’s disease, we verified the hypothesis of 

the major role of executive function on gait control: patients with the behavioral variant of frontotemporal 

dementia – the hallmark of this dementia is the presence of major dysexecutive syndrome (155) - 

demonstrated an increase in gait instability in comparison to patients with Alzheimer’s disease (23). After 

demonstrating the major role of executive function on gait, especially with the dual-task paradigm (63, 

64), we applied these findings for improving the identification of idiopathic normal pressure 

hydrocephalus – a reversible condition combining gait and cognitive deficits – from neurological 

conditions presenting with similar symptoms. We found that the quantification of gait parameters during 

dual tasking before and after CSF tapping improves the identification of idiopathic normal pressure 

hydrocephalus from similar neurological conditions (164).    

The combined approach of the different neuroimaging methods to study the neural substrate of 

neurological gait disorders presented here aimed to overcome the limitations of each individual technique. 

The comparison of brain activation during mental imagery of gait between younger and older adults using 

fMRI demonstrated the involvement of a common neuronal network across aging, and highlighted the 

major of role of the dorsolateral part of the frontal lobe and the hippocampus specifically recruited by 
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older adults (28). The hippocampus - playing a major role in memory and spatial navigation and 

representing a brain region specifically affected in Alzheimer’s disease (165, 166) – has been the focus of 

the structural study that compared the association of hippocampal volume and gait control between 

physiological and pathological aging. In normal aging, but not pathological, we reported an association 

between hippocampal volume and gait control (98).  

The influence of pathological aging, such as patients with parkinsonian syndrome, has been the focus of 

the two last neuroimaging studies. In the first report, we assessed the role of the nigrostriatal pathway, 

using the [123I]FP-CIT SPECT, on spatio-temporal gait parameters. Following the hypothesis of the major 

role of the prefrontal cortex in gait control and although the basal ganglia play an important role in 

locomotion (86, 167), we showed that the dopaminergic denervation was not necessary to induce gait 

disorders (148). Then, as postural instability plays a major role in gait disorders in patients with 

parkinsonian syndrome, we compared the online involvement of the prefrontal cortex – key region for gait 

control – on postural control between healthy older adults, individuals with mild parkinsonian signs and 

patients with parkinsonian syndrome by using functional near-infrared spectroscopy. In this last study, we 

found that patients with parkinsonian syndrome need to increase more their prefrontal oxygenation in 

comparison to healthy older adults or individuals with mild parkinsonian signs in order to maintain 

postural stability (168).  

4.2 Clinical Applications 

Combining studies focusing on aging and neurological condition, we found a widespread brain network 

including cortical (prefrontal and hippocampal regions) and subcortical regions that is consistent with the 

literature. Some authors suggest that a direct and an indirect pathways combined this complex interplay 

between the spinal cord, the brainstem, the basal ganglia, the cerebellum and the cortical regions in the 

gait control (169). The direct pathway involves the primary motor cortex, the cerebellum and the spinal 

cord, whereas the indirect pathway is mainly modulated by the prefrontal cortex and the basal ganglia. 

This top-down regulation is directly involved in behavioral studies using the dual-task paradigm. Different 
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explanations have been suggested to understand this extended brain networks involved in aging and in 

neurological conditions: the compensation, inefficiency and dedifferentiation hypotheses (85). However, 

none of them has been demonstrated yet.  

These findings can be applied for diagnosis improvement of neurological conditions affecting gait; and 

pharmacological and non-pharmacological interventions for neurological gait disorders (Table 3). 

Different classifications of gait disorders have been proposed as reviewed in Chapter 1. A hierarchical 

approach combining clinical and quantitative gait profiles has been demonstrated more specific to identify 

bad clinical outcomes (8). Based on the theoretical models suggesting that gait is controlled by specific 

brain regions and cognitive domains, we showed that gait parameters by themselves can be used as a 

surrogate diagnostic biomarker of specific neurological conditions, such as frontotemporal dementia or 

iNPH (23, 164). Beside the identification of specific neurological disorders, the use of gait disorders has 

been also suggested as an appropriate marker for identifying older adults at risk of dementia (5, 44). 

However, if gait disorders and cognitive deficits are frequently associated, and that gait disorders may 

start several years before dementia from neurodegenerative or vascular origins(5), the specificity of 

clinical gait abnormalities or quantitative gait parameters is still matter of debate: a recent systematic 

literature search that identifies 20 longitudinal studies focusing on the relationship between walking and 

development of cognitive decline conclude that we still need future studies examining the specificity and 

the accuracy of gait parameters to predict future cognitive decline(170). Interestingly, a second recent 

review article includes nine longitudinal studies, where gait was considered as a predictor of cognitive 

decline. The authors of this last review article concluded that gait can be considered as a robust predictor 

of cognitive decline (171). However, we should be aware that if the observation of gait patterns that leads 

to the classification of clinical gait abnormalities relies on the experience of the physicians and is subject 

to an unavoidable inter-rater reliability, the objective and accurate quantitative gait analysis presents also 

some limitations: even if some experts suggested some consensus guidelines for gait analysis (172), the 

variability of the various systems (i.e. instrumented walkway, accelerometer, 3d motion analysis); the 
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absence of general consensus on how measuring gait, especially in dual-task condition (i.e. how to deal 

when the dual-task interference leads to gait arrest); or the absence of consensus on how performing the 

dual task leads to various methodological approaches that contribute to produce various findings. Finally, 

associating the dual-task paradigm or mental imagery of gait to usual gait parameters has been also 

demonstrated as interesting clinical markers of specific neurological conditions or good predictors of 

adverse clinical outcomes, such as dementia or falls (25, 69, 173-175).  

The second main clinical application of the neural substrate of gait control concerns the treatment of 

neurological gait disorders. Treating gait disturbances should not only focused on the symptom, but also 

should also include the management of its adverse consequences, such as falls or behavioral avoidance 

(i.e. fear of falling). Different therapeutic approaches have been suggested for treating gait disorders that 

include rehabilitation strategies, pharmacological treatments, non-invasive brain stimulation or deep brain 

stimulation. Various internal and external factors contributing to gait disorders influence the choice of 

treatment strategy. The underlying neurological pathology, the presence of cognitive deficits or the 

associated medical conditions will all contribute to select an appropriate treatment that aims not only to 

improve walking ability, but also to decrease the resulting disability. The complexity of the treatment 

strategy needs also to include the comorbidities that negatively affect gait, such as fear of falling, 

depression or orthostatic hypotension. However, the current model of the neural substrate of gait control 

has contributed to use new therapeutic strategies that help clinicians in their choice. For example, this 

major role of the executive and the attentional system on gait control has contributed to focus on 

pharmacological treatment that improves attention, such as methylphenidate or acetylcholinesterase 

inhibitors. Improving the efficiency of the attention has also been the focus of rehabilitative interventions 

that improve the management of dual tasking, such as dance interventions (9, 176, 177) or cognitive 

remediation (178). Brain modulation that includes non-invasive and deep brain stimulation also 

contributes to the improvement of gait disorders in appropriate neurological conditions, such as 

Parkinson’s disease (159, 160, 179-183). The pedunculopontine nucleus has recently been identified as an 
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interesting target for treating gait disorders in patients with Parkinson’s disease. Although results are 

contrasting for improving gait disorders (184-188), one aim of this new target is to activate the cholinergic 

neurons of this nucleus to improve gait and other axial symptoms, such as balance (167).  
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Table 3. Clinical applications of the brain networks involved in gait control for the diagnosis and the 
treatments of neurological gait disorders (personal contribution) 

Clinical applications Domains Examples 

Diagnosis Improving diagnosis of 
neurological conditions 

Alzheimer versus non-Alzheimer dementias 
(5, 37) 
iNPH versus mimics (164) 
PD versus non-PD parkinsonian syndromes 
(167) 

   
 Using of new transitional 

syndromes to better identify 
subjects at risk of bad clinical 
outcomes 

Motoric cognitive risk syndrome (44-46) 

   
 Using mental imagery of gait for 

assessing cognitive functioning 
Imagined TUG in dementia, multiple 
sclerosis, or schizophrenia (189-191) 

   
Treatment Rehabilitative interventions Physical exercises in normal aging or in 

neurological disease (i.e. PD) (192, 193); 
Dance therapy (i.e. Tango, Salsa) in normal 
aging or in neurological disease (i.e. AD, 
PD) (176, 194-196); 
Tai Chi in normal aging or PD (197-199); 

   
 Pharmacological treatments for 

gait disorders 
Acetylcholinesterase inhibitors or 
Memantine in AD (28, 29); 
Methylphenidate or Amantadine in PD (31, 
200-204); 
Fampridine in Multiple sclerosis (205); 

   
 Non-invasive brain stimulation TMS and tDCS in stroke (206-209); 

TMS and tDCS in PD (210-214); 
TMS in vascular parkinsonism (215); 
TMS in Multiple sclerosis (216); 
TMS in spinal cord injury (217); 

   
 Deep brain stimulation PPN stimulation in PD (167) 
   
PD: Parkinson’s disease, iNPH: idiopathic normal pressure hydrocephalus, TUG: timed up and go, TMS: 
transcranial magnetic stimulation, tDCS: transcranial direct current stimulation, PPN: pedunculopontine 
nucleus 

 

4.3 Future directions 

Our current knowledge on the neural substrate of gait control opens new promising research fields. Future 

research should explore the “gait signature” of the different neurological conditions. Following the 
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methods developed in a recent meta-analysis aiming to describe the gait phenotype of healthy older adults, 

patients with MCI and Alzheimer’s disease (25), future analyses comparing the various quantitative gait 

parameters in different neurological condition would lead to a better understanding of neurological gait 

disorders. The identification of a specific “gait signature” of neurological conditions would contribute to 

improve the strategy of the diagnostic process that will take into account the complexity of the comorbid 

conditions affecting older adults (218). 

With the recent advances in neurosciences, especially in neuroimaging methods, including new 

neuroimaging modalities will improve our knowledge of the physiopathological mechanisms underlying 

neurological gait disorders. For example, non-invasive functional MRI methods without the need of 

experimental tasks called resting-state fMRI allow access to the brain regions functionally connected 

(219). Resting-state fMRI represents an appropriate method to understand the interconnecting brain 

networks involved in gait control, as suggested by recent preliminary reports (126, 220, 221). Future 

studies should also include new neuroimaging methods that are able to study grey and white matter brain 

structures as well as biochemical pathways that are specifically affected in neurological conditions with 

gait disturbances. Furthermore, the new neuroimaging techniques will benefit from the progress of the 

methods of gait quantification (222) that now include more portable devices that allow a long term 

monitoring of gait in the patient’s own environment and not in “artificial” movement analysis laboratories 

(223, 224). These new approaches should also include the influence of the environment on the subject’s 

performances (225).  

In terms of therapeutic approach, to test the changes of brain networks modulates by pharamocological or 

non-pharmacological interventions, randomized controlled clinical trials focusing on gait are required. 

These clinical trials should include patients from different neurological conditions and not focus only on 

patients with prototypical Parkinson’s disease. They should also measure gait with an appropriate 

quantification of gait parameters and not only with a rough clinical scale. Finally, these clinical 



  81 
 

interventions should benefit from the new advances in neuroimaging methods to measure the neural 

mechanisms behind the clinical improvements. 

4.5 Conclusion 

Behavioral studies and multimodal neuroimaging methods to study the neural correlates of gait disorders 

have demonstrated an extended brain network involving the prefrontal cortex and subcortical structures. 

These brain structures are specifically affected by various neurodegenerative and vascular mechanisms, 

explaining the complexity of the physiopathological processes of neurological gait disorders. The 

increasing focus on these brain mechanisms offers a unique opportunity to improve the diagnosis of 

neurological disorders and to study new therapeutic options for treating gait disorders. The new advances 

in neuroscientific methods combined with the technological development of systems for gait 

quantification will contribute to enhance our knowledge of neurological gait disorders.  
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