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Abstract: Imbalance and tripping over obstacles as a result of altered gait in older adults, 

especially in patients with Parkinson’s disease (PD), are one of the most common causes of 

falls. During obstacle crossing, patients with PD modify their behavior in order to decrease the 

mechanical demands and enhance dynamic stability. Various descriptions of dynamic traits of 

gait that have been collected over longer periods, probably better synthesize the underlying 

structure and pattern of fluctuations in gait and can be more sensitive markers of aging or early 

neurological dysfunction and increased risk of falls. This confirmation challenges the clinimetric 

of different protocols and paradigms used for gait analysis up till now, in particular when 

analyzing obstacle crossing. The authors here present a critical review of current knowledge 

concerning the interplay between the cognition and gait in aging and PD, emphasizing the 

differences in gait behavior and adaptability while walking over different and challenging 

obstacle paradigms, and the implications of obstacle negotiation as a predictor of falls. Some 

evidence concerning the effectiveness of future rehabilitation protocols on reviving obstacle 

crossing behavior by trial and error relearning, taking advantage of dual-task paradigms, physical 

exercise, and virtual reality have been put forward in this article.
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Introduction
Postural control
Postural balance is a complex task performed by the central nervous system (CNS), 

which involves feedback integration of multiple sensory inputs, including those from 

the vestibular, auditory, visual, and motor systems, based on an internal body schema.1 

Postural control is an essential pillar for independent gait, in coordination with locomo-

tion generators, establishing, and maintaining the proper postural orientation of body 

parts relative to one another and within the limits of biomechanical constraints inherent 

to the person and to the task and environment, and also ensuring the dynamic stability 

of the moving body (Figure 1).2,3 According to Schoneburg et al,4 the dynamic postural 

control during locomotion can be characterized by the integration of the 4 main postural 

control domains: 1) balance during quiet stance; 2) reactive postural adjustments to 

external perturbations; 3) anticipatory postural adjustments (APAs) in preparation for 

voluntary movements; and 4) dynamic balance during the movements, such as gait. 

One of the most concerning features of several neurodegenerative diseases is postural 

instability, which increases the risk of falls.5 In fact, postural instability is one of the 

disabling symptoms of Parkinson’s disease (PD), with falls occurring in 46% people, 
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in a given period of 3-months.6 As such, preserving gait is 

fundamental in PD, where independent gait is threatened by 

falls and multisystem deconditioning, thus requiring lifestyle 

and behavioral changes that warrant sustained and constant 

physical activity and exercise.7

Obstacle crossing
Crossing obstacles is a common challenge encountered in 

everyday life, where the human body has to adjust the visual 

perception as well as the length and height of each step to 

avoid contact in order to calculate how to pass the obstacle 

properly. The limitations in gait adaptability might be one 

of the reasons that put the elderly people at a greater risk 

of tripping and falling when crossing obstacles under time-

constrained conditions.8 A recent within-group comparison 

by Caetano et al8 has shown that young individuals maintain 

the same walking pattern for both the baseline and walk-

through conditions, whereas older adults reduce their step 

length, step velocity, and increase their double-support time 

significantly in walk-through conditions. As compared with 

their younger counterparts, the older adults demonstrate a 

more conservative adaptation strategy, exhibit poorer step-

ping accuracy, and make more stepping errors. As such, 

the authors concluded that reduced gait adaptability might 

place older adults at an increased risk of falling when accom-

plishing unexpected hazards.8 Stegemöller et al9 have also 

shown that PD patients change their behavior when cross-

ing an obstacle, opting for a more conservative strategy, 

including a reduction in the mechanical demands and increase 

in dynamic stability during obstacle avoidance tasks. Galna 

et al10 have shown that PD patients inadvertently increase 

their step width when crossing an obstacle, as a compensa-

tion strategy, rather than increasing foot height as seen in 

healthy subjects. PD patients do not place their foot close 

enough to the front of the obstacle, as compensation for their 

reduced step length, being, therefore, more likely to step over 

on the obstacle while crossing it. In fact, the ability to make 

adjustments in gait to safely clear obstacles at home and in 

the community, like in rugs, shower recesses, and roadside 

curbs, is compromised in PD.10

Risk of falling
Elements attributed to an individual’s risk of falling are com-

monly evaluated at 3 levels: 1) intrinsic factors, occurring at 

the level of the individual; 2) extrinsic factors, occurring at 

the level of the environment; and 3) activity-related factors. 

Falls are one of the most serious and common medical issues 

affecting the older adults. Indeed, many of the consequences 

of falls are psychological, including the fear of falls. There is 

a growing body of evidence that suggests the fear of falls may 

elicit a self-behavior and mind state that auto-perpetuates the 

state of risk of falling, by reducing physical and functional 

activity.11 Pan et al12 investigated the mechanics of obstacle 

crossing in older adults that have been classified as having low 

or high risk of falling in accordance with having a score higher 

or inferior to the cut-off of 36 on the Tinetti Balance and Gait 

scale, respectively. The kinematics of the leading and trailing 

leg was evaluated when crossing an obstacle with different 

heights of 10%, 20%, and 30% of leg length. Increasing the 

height of the obstacle led to increased toe-obstacle distance, 

and shortened swing phase of the leading limb, with a greater 

adaptation of clearance height of the trailing leg. Adults at a 

higher risk of falling exhibited a greater toe-obstacle clear-

ance of the leading leg, the lesser symmetry between the 

leading and trailing legs, and a narrower step width. As such, 

according to this study, this gait behavior and obstacle cross-

ing adaptability, may be associated with an increased likeli-

hood of tripping and falling.12

Motor and cognitive rehabilitation
There is increasing evidence that motor rehabilitation can 

be employed to improve a safer obstacle-crossing behavior. 

In the last few years, there has been a growing body of 

scientific research where rehabilitation has been merged 

with new technologies. Caetano et al13 appraised the influ-

ence of home-based interactive video game step training on 

Figure 1 The model describing the elements that affect dynamic postural control 
during locomotion.
Note: Copyright © 2013. John wiley and Sons. Reproduced from earhart GM. 
Dynamic control of posture across locomotor tasks. Mov Disord. 2013;28(11): 
1501–1508.3
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gait analysis performance in PD patients. Gait adaptability 

performance was evaluated at baseline and 12 weeks of 

follow-up, using different challenging obstacle paradigms 

(obstacle avoidance, short stepping target, long stepping 

target and no target/obstacle). According to this study, a 

home-based interactive step training was able to improve 

gait adaptability in response to unpredictable stepping targets 

in PD patients. Liao et al14 examined the effects of virtual 

reality-based exercise on obstacle-crossing performance and 

dynamic balance in individuals with PD. Compared with a 

traditional group, the virtual reality-based Wii Fit exercise, 

as part of a multifaceted training intervention was effective in 

improving obstacle-crossing performance, dynamic balance, 

functional ability, and the quality of life in PD patients. 

During the daily life challenges of crossing obstacles, besides 

the visual context and inputs coming from the environment, 

auditory inputs have also been shown to provide meaningful 

spatial cues or, in contrast, constitute contra-productive 

information.15,16 There is already substantial evidence that 

auditory cues, especially rhythmic auditory cues with action 

relevance (motor and sensorial relevance) (eg, wearing the 

sound of the steps in the gravel), improves gait in PD.17 Still, 

there is lacking information concerning the effect of audi-

tory cues during obstacle crossing and/or gait adaptability. 

Pestana et al18 investigated the effect of auditory cues on 

gait asymmetry in patients with PD compared with that in 

healthy subjects in an unobstructed environment and in an 

environment with an obstacle. It was found that auditory cues 

decreased gait asymmetry in PD in an unobstructed envi-

ronment; they failed to provide any benefit during obstacle 

crossing, showing no significant effect on the asymmetry of 

gait in PD. The aforementioned studies support the concept 

that, in addition to muscle strengthening, the cognition and 

adaptability of behaviors of gait during obstacle crossing are 

also possible and clearly warrant further investigation. It can 

thus be further hypothesized that by trial and error learning 

mechanisms, even when neuropathology has disturbed 

spinal and supraspinal automatic neural network involved 

in postural control and locomotion, the crossing behavior 

can be revived and relearned in order to achieve a new and 

better outcome.

In the backdrop of the aforementioned context, the objec-

tives of this paper are to provide a critical review concerning 

1) different gait analysis measures and respective clinometric 

properties, regarding clinical progression and treatment 

outcomes; 2) the interplay between cognition and gait 

and how different apparatus and paradigms can be used 

to study different domains in gait and postural control; 

3) and ultimately how obstacle-crossing behavior adaptability 

may be compromised in patients with PD, putting forward 

potential translational physiotherapy opportunities.

Clinimetric properties of gait analysis
Three-dimensional kinematic measures of gait are used in 

clinical gait analysis,19 and still, continues to be the gold-

standard critical measure for gait research and clinical 

practice. However, it requires highly specialized staff to 

run these systems; their high cost and long preparation time 

are hurdles to their wholesale adoption as quotidian clinical 

tools. In the last decade, body-worn sensors have been 

proven to be an alternative tool for motion analysis, with 

growing applications in movement disorders, particularly in 

the analysis of posture, balance, and gait in PD.20 The mea-

surements of gait can be aggregated into 2 group domains, 

including 1) spatiotemporal characteristics that demonstrate 

a typical cycle, described as the mean of multiple steps; and 

2) dynamic trait of gait that expresses the inconsistency 

of spatiotemporal measures across multiple steps.21 The 

spatiotemporal characteristics of gait are a reliable and valid 

measurement for healthy controls who are aging and also 

for inferring deviation from normality and diagnosing neu-

rodegenerative diseases.22 Gait speed is the most commonly 

used spatiotemporal gait parameter owing to its simplicity 

and extensive historic backup research. It is primarily con-

sidered as the primary outcome in gait rehabilitation clinical 

studies.23 Yet, though gait speed may be the absolute reflec-

tion of the overall global gait performance, it does not reveal 

the fundamental debilitations (eg, reduced step length and 

step width) or the underlying pathology that is affecting the 

performance.24 Gait variability, reflecting the dynamic trait 

of gait, has been presented as an alternative variable, show-

ing good correlation with the impairment of gait along with 

clinical progression and severity of the disease.21 Several 

descriptions of the dynamic traits of gait, collected over long 

periods, may unravel the structure and pattern of fluctuations 

in gait and underlying pathology. Certainly, gait variability 

and fractal scaling of gait break down with age and hence 

may be sensitive markers of early dysfunction in PD.25 

In fact, both coordination and consistency can be combined 

into a single element of gait performance.3 However, in a 

systematic review concerning the therapeutic interventions 

and rehabilitation in aged adults and gait variability assess-

ment, several critical issues have been highlighted; and a 

large number of variability outcome variables have already 

been published without a consensus for robust estimates.26 

The discriminative and predictive validity of gait variability 
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has been inferred, using principal components of factor 

statistical analysis, from cross-sectional and longitudinal 

studies rather than being formally examined.27 A study by 

Brach et al provided point estimates of meaningful change 

for swing time and stance time variability in 241 community-

dwelling older adults based on 2 annual follow-up analyses, 

although CIs were not reported.28 The measurement of gait 

dynamics (gait variability) has already been proposed as an 

outcome measurement in pharmacological clinical trials, 

particularly in assessing the benefit of donepezil in reduc-

ing the risk of falls in older people with mild cognitive 

impairment.29 However, given the concerns regarding the 

reliability of different sensors and assessment of gait by 

different protocols and different environments, the assump-

tion of the variability of one particular gait parameter as 

the ultimate and final answer is too early. Hence, continued 

development of robust and practical protocols and accessible 

processing techniques is paramount to help us understand the 

contribution of gait dynamics and the pretense of its use as 

an outcome measurement in clinical trials better.

Interplay between cognition and gait
Over the past decade, several studies have emphasized on 

the interplay between balance, gait, and risk of falls on the 

one hand, and cognitive function and risk of dementia on 

the other hand.30 Cognitive deficits deteriorate with aging 

and may even cause gait impairment, increasing the risk of 

falls, particularly during more challenging situations. Nearly 

60% of elderly people with cognitive impairment fall every 

year, which is 2-fold more than that observed among their 

cognitively intact peers. Figure 2, extracted from a study by 

Amboni et al,31 properly depicts the coexistence of cognitive 

impairment and gait abnormalities, as well as dementia and 

increased risk of falls. Conversely, there is a growing body 

of data showing that gait abnormalities may predict the future 

development of dementia and that cognitive impairment 

increases the risk of falls.31 The executive function refers to a 

set of higher order cognitive processes that control, integrate, 

organize, and maintain other cognitive abilities. It appears 

that the dorsolateral prefrontal cortex, a structure of the brain 

that is associated with executive function and attention, is also 

associated with several gait domains, which further highlights 

the relationship between cognition and gait, and the effect of 

interventions enhancing executive function.32

Another group of researchers suggests that cognitive 

interventions may have a carry-over effect from cognitive to 

physical gait domains, thus providing a dual beneficial effect, 

reducing dual-task costs and the risk of falling. A study by 

Figure 2 Cognitive impairment predicted dementia, although gait abnormalities increased the risk for falling (shaded arrows).
Notes: A complete understanding suggests that cognitive impairment and gait abnormalities, coupled with dementia and falls, are related to each other (white arrows). In the 
light of recent evidence, gait abnormalities predict dementia and cognitive impairment raises fall risk (gray arrows); based on the close relationship between cognition and gait 
on the one hand, integrated tools for risk estimation are needed (bracket). Furthermore, the possible lines of intervention (black arrows) could rely on increasing cognition 
for fall prevention and on walking training for lessening dementia risk. Copyright © 2013. John wiley and Sons. Reproduced from Amboni M, Barone P, Hausdorff JM. 
Cognitive contributions to gait and falls: evidence and implications. Mov Disord. 2013;28(11):1520–1533.31
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Verghese et al,33 involving sedentary seniors who played 

“computer games”, showed an improvement in usual walking 

and dual-tasking gait speed, and this clearly illustrates the 

potential of cognitive therapy.

Cognition plays a dominant role in gait preservation 

while pathology and/or age dampens the automaticity of gait; 

however, the interpretation of the interplay between cognition 

and gait may be influenced by the selection of gait measures, 

protocols, and the analytic approach.34 In the following 

section, some of these issues have been considered.

Different apparatus and paradigms 
to assess gait
Normal walking
The assessment of gait speed at self-selected pace over 

4 meters is the most commonly used, as it is a quick and safe 

method, being clinically relevant for the evaluation of risk 

of falls, cognitive impairment, institutionalization, and 

mortality.35 A departure from this strategy is acceptable 

for some gait characteristics but not for all. Gait speed in 

PD has proven to be reliable, with good test–retest reli-

ability, over 10 meters and 6 minutes for comfortable 

self-selected gait speed and for fast walking in clinical and 

home environments.36,37 However, this is not the case for gait 

variability, where reliability and clinimetrics improve with 

increasing number of steps, requiring at least 120 steps.38,39 

Gait is less variable when walking continuously, like on a 

treadmill, compared with that when performing multiple 

short intermittent walks.40 This clearly highlights the 

importance of the testing protocol, which is how different 

apparatus and paradigms influence the outcomes. In a study 

by Galna et al,38 gait variability was measured twice with 

an interval of 1 week in 27 older adults and 25 PD patients. 

The participants walked at their preferred pace during 1) a 

continuous 2-minute walk and 2) 3 intermittent walks over 

a 12-m walkway. The gait variability was calculated as the 

within-person standard deviation for step velocity, length 

and width, and step, stance and swing duration. The authors 

found that continuous walking protocols may be more reliable 

as they measure gait under steady state conditions thus 

reflecting more automatic gait control unconfounded by the 

repeated shifts of attention associated with short intermittent 

walks (Figure 3).

Treadmill
Another important question is whether the evaluation in 

treadmills is a good protocol to infer the underlying gait 

pathology. Even more, it is even questionable whether the 

treadmill assessment appropriately reflects the normal ground 

walking. Analyzing gait in a treadmill is a considerably more 

practical system of analyzing gait in a clinical environment 

but, more importantly, it may form the last resort when normal 

walking on flat ground is not feasible in advanced stages of 

neurological diseases. Moreover, in patients with consider-

able postural instability only being able to walk with external 

help, a treadmill with a harness may be the only system to 

adequately measure rehabilitation protocols.41 Indeed, it 

has been demonstrated that treadmill training improves gait 

speed, stride length, without improving cadence or walking 

distance.41 The comparison of 2 walking training programs, 

one performed on a treadmill and another over the ground, 

showed that only the former led to improvement in the stride 

length at the preferred and maximal speed in PD.42 These 

findings justify the use of treadmill as a potential therapeutic 

approach in PD patients. However, treadmill limits the assess-

ment of some gait variables, such as gait variability, probably 

due to the proprioceptive cues and rhythmicity provided by 

the belts of the treadmill.

Dual-task paradigms
In contrast to single paradigms (eg, walking free at desired 

running speed) in dual-task paradigms, the patient also 

Figure 3 This figure depicts the laboratory setup for testing continuous and intermittent walks.
Notes: The authors highlight that continuous walking protocols may be more reliable. Reprinted from Gait Posture, 37(4), Galna B, Lord S, Rochester L, Is gait variability 
reliable in older adults and Parkinson’s disease? Towards an optimal testing protocol, 580–585, Copyright (2013), with permission from elsevier.38
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performs a cognitive task (eg, walking and arithmetic) on 

top of the automatic locomotor and postural control. Dual 

tasks are mainly cognitive, and they vary widely from a 

simple “walking while talking” to counting backward in 

serial order. Some of these cognitive tasks may be concurrent 

with the same networks that are also involved in postural and 

locomotor control.31 This evidence has reinforced the use of 

dual-tasking paradigms in order to decrease compensatory 

cognitive control on gait and make latent motor deficits 

more emerging. Consequently, dual-tasking paradigms also 

expose the level of compensatory cognitive control required 

to maintain gait performance. Indeed, walking under cogni-

tive strain; walking while talking, by cognitively stressing 

locomotion demands, might help in the identification of 

dysfunction much early, and are therefore a more sensitive 

measure of the underlying pathology, and a robust predic-

tor of frailty, disability, and mortality in high-functioning 

older adults.43 In PD, Stegemoller et al44 have shown that 

impaired gait performance under dual-tasking conditions 

(eg, slower gait speed and increased variability) is intrinsic 

to PD and correlated to the cognitive processing speed. 

However, caution is required while using these protocols, 

because dual-task interference is also a feature of healthy 

aging. Recent work by Smulders et al,45 in a large cohort of 

PD patients, after correcting for baseline group differences, 

have questioned the advantages of dual-task paradigms for 

predicting falls due to the wide variation in response between 

different individuals. Pieruccini-Faria et al46 examined, 

under cognitively demanding conditions (with and without 

an auditory digit monitoring dual task), the role of dopamin-

ergic treatment on gait when approaching an obstacle to be 

stepped over. They also assessed visual strategies in these 

conditions, as a reflection of movement planning. They 

concluded that dopamine influences planning by limiting 

sensorimotor processing capacity, especially in the presence 

of increased cognitive demand in PD. More interestingly, 

the factor that can be interpreted as a burden for gait perfor-

mance can be potentially used as a tool for rehabilitation. 

Orit Segev-Jacubovski et al illustrated the potential utility 

of multiple, diverse forms of cognitive therapy for reducing 

the risk of falls.30 To sum up, although dual-task tests have 

been generally adopted, there is no consensus with respect 

to its optimal protocol, warranting further refinement in 

future studies.

Obstacle crossing and negotiation 
behavior
Balance impairments throughout walking and tripping 

when negotiating obstacles are the 2 most common causes 

of falls in older adults.12 Walking over obstacles implies 4 

main tasks: 1) to maintain balance; 2) to prevent tripping 

during crossing; 3) to prevent slipping during landing; and 

4) to progress the body forward. Inaccuracy in movement 

during obstacle crossing could result in tripping on the 

obstacle or slipping due to foot strike. In addition, a loss 

of balance while maneuvering an obstacle may result in 

sudden and inappropriate movements of the lower limbs 

that lead the foot to contact the obstacle rather than ignore 

it. Pan et al12 have shown, in older adults, that the height 

of the obstacle increases the strategy of the leading limb 

changes. Moreover, the subjects with increased risk of 

falls demonstrated lesser symmetry between the leading 

and trailing legs and a narrower step width, which are the 

features that increase the likelihood of tripping. Caetano 

et al8 have shown that older adults shorten the previous 

step before obstacle crossing, reduce the velocity of both 

previous and obstacle steps and increase the time spent in 

double support. Also, the reduced step length, adopted by 

the older adults, correlated with the increased number of 

steps taken to approach the target.8

In PD, there is mounting evidence that gait impairment 

is amplified during obstacle crossing. PD patients choose 

a more conservative strategy when crossing an obstacle, 

with a greater concern for safety margins in relation to the 

obstacle, leading to greater caution and slower speeds and 

increased toe clearance.9 This was proved in a study by 

Stegemöller et al,9 where the authors analyzed obstacle-

crossing behaviors using a paradigm of 5 trials of normal 

walking and 5 trials of obstacle crossing. Regarding both 

tasks, the participants walked barefoot along a 9-m walkway 

at their normal, comfortable pace. The participants crossed 

the obstacle located in the middle of the path and continued 

walking to the end of the walkway. This lightweight obstacle 

was constructed of a wooden dowel crossbar (91 cm long 

and 1.27 cm in diameter) and was supported by 2 vertical 

standards (Figure 4A). Regarding the obstacle clearance 

parameters, PD patients performed with a greater mean of 

vertical clearance height in both the leading and trailing feet 

traveling over the obstacle. In addition, PD patients, due to 

slower crossing speed, spent a longer time in a single sup-

port, positioned their stance foot closer to the object, and 

the leading foot helped them clear the object with a greater 

safety margin than their age-matched control subjects 

(Figure 4B).

Regarding the untouched issue, how the CNS controls 

postural stability during gait initiation with the goal to clear an 

obstacle, Yiou et al47 requested the healthy subjects to initiate 

gait as fast as possible in 3 different conditions of obstacle 
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height, 3 conditions of obstacle distance, and 1 obstacle-free 

(control) condition. The authors investigated the stabilizing 

features of gait initiation (Figure 5), analyzing APAs, and 

lateral swing foot placement. In their work, it was found that 

the anticipatory peak of backward center-of-pressure shifted 

and the initial forward center-of-mass set decreased with 

obstacle height, probably in an order to limit the risk to trip 

over the obstacle, while the forward center-of-mass velocity 

at foot-off increased with obstacle distance, allowing a further 

step to be taken. Accordingly, the authors suggest that the 

CNS has the ability to predict the potential instability elicited 

by the obstacle clearance and that it scales the spatiotemporal 

parameters of APAs accordingly.

In PD, Rogers et al48 used a sudden drop or elevation of 

the support surface to assess the contribution of somatosen-

sory information during gait initiation, comparing APAs 

for lateral weight transfer and propulsion. The authors have 

shown that PD patients have a longer APA duration, longer 

time to first step onset, and slower step speed than controls. 

This article suggests that a feed-forward neural control of 

gait initiation, regarding limb load and/or foot pressure, can 

modulate temporal and spatial components of step initia-

tion. In this perspective, the coupling between posture and 

locomotion should be augmented in PD.48

Obstacle crossing behavior adaptability
Interestingly, APAs can be increased to normal levels when 

a step is initiated in response to an external cue or when on 

Figure 4 (A) examples of apparatus and gait parameters used to calculate the 
approach, crossing, and recovery steps during obstacle crossing. (B) An example of 
horizontal and vertical obstacle clearance parameters.
Note: Reprinted from Arch Phys Med Rehabil, 93(4), Stegemöller eL, Buckley TA, 
Pitsikoulis C, Barthelemy e, Roemmich R, Hass CJ, Postural instability and gait 
impairment during obstacle crossing in Parkinson’s disease, 703–709, Copyright 
(2012), with permission from elsevier.9

Abbreviations: LF, leading foot; TF, trailing foot.

Figure 5 Schematic illustration of the experimental set-up analyzing anticipatory postural adjustments upon gait initiation crossing an obstacle.
Note: Reproduced from Yiou e, Artico R, Teyssedre CA, Labaune O, Fourcade P. Anticipatory postural control of stability during gait initiation over obstacles of different 
height and distance made under reaction-time and self-initiated instructions. Front Hum Neurosci. 2016;10:449.47
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levodopa.49 Without levodopa, the step initiation in PD subjects 

was characterized by decreased production of force, decreased 

the velocity of movement, and slowed execution of the APAs 

for self-generated step. These impairments were significantly 

less evident when the PD subjects were on levodopa therapy. 

Interestingly, an external stimulus improved and increased the 

force and the velocity of step initiation in healthy subjects and 

also in PD patients. In other words, dopaminergic therapy and 

an external stimulus similarly improved the deficient force pro-

duction for the APAs associated with step initiation in PD.49

There is growing research on neurophysiology supporting 

rehabilitation interventions, focusing separately on isolated 

components of posture, balance, and gait in PD.2 In addition, 

the rehabilitative interventions to assist lateral displacement 

of the APA may be beneficial in improving steps in patients 

with PD. Still, it is important to bear in mind that the coupling 

between posture and locomotion affects the effectiveness of 

these rehabilitation strategies, justifying a global approach.2 

The ability to quickly adapt postural responses based on the 

task and environmental context is altered in PD, involves 

basal ganglia networks but probably is levodopa-resistant.50 

Chong et al50 have shown that if the postural perturbation 

direction is altered unexpectedly, healthy adults immediately 

adapt their postural responses by changing postural muscle 

activation patterns; and, in contrast, PD patients take several 

trials before exhibiting the appropriate postural response to 

the new perturbations, unresponsive to levodopa medication. 

As such, the authors concluded that PD patients have more 

difficulty in using cognitive set to modify their responses, 

particularly when instructed to “resist” the perturbations. 

This may represent a relative “inflexibility” to alter postural 

responses to match changes in task conditions or contexts, 

or in other words, an impaired learning and adaptability, by 

trial and error, in PD.50 Still, in the work by Jacobs et al,51 it 

was shown that PD patients could increase their size of step-

ping responses to external perturbations when these patients 

could see their legs as they stepped toward a visual target. PD 

patients exhibited short compensatory steps due to abnormal 

proprioceptive-motor integration and used visual input to 

take longer compensatory steps when a target was provided, 

moderately responsive to levodopa in moderate stage PD 

patients. Still, in more severely impaired PD patients, neither 

visual input (viewing the target and in unobstructed vision) 

nor levodopa provided a significant improvement. These 

results led the authors to conclude that the degeneration of 

dopamine circuits within the basal ganglia is not respon-

sible for the proprioceptive-motor deficit that degrades 

compensatory steps in PD.51 Interestingly, this innovative 

experiment paves alternative rehabilitation strategies using 

augmented proprioception, especially vision, in PD.

Chang et al52 determined the effect of Tai Chi Chuan exer-

cises on obstacle-crossing behavior. In the study, 15 healthy 

older adults practicing Tai Chi Chuan (3 days a week for 

5 or more years) (the Tai Chi group [TCG]) were compared 

with 15 normal healthy older adults who did leisure exercises 

(walking or jogging) for the same time. Kinematic parameters 

(by a Vicon motion analysis system) and ground reaction 

forces (by Kistler force plates) were synchronously recorded 

(Figure 6). The different crossing strategies between the 

TCG and the general group were addressed and it was found 

that the differences between the strategies accounted for the 

differences in obstacle-crossing performance in older adults. 

With regular Tai Chi Chuan training, older adults improved 

their physical capabilities and adopted a more efficient strat-

egy, that is, paying less attention to crossing the obstacle and 

by increasing the vertical clearance of the leading foot and the 

vertical clearance of the trailing foot (defined as the minimum 

distances when the toe markers were vertically above the 

obstacle) by flexing the hip of the leading leg more, which 

enabled them to cross the obstacle safely and at a faster speed. 

The authors concluded that regular Tai Chi Chuan training 

in older adults may improve their physical capabilities and 

help in adopting a more efficient strategy.52

Table 1 summarizes the findings on the relationship 

between gait and cognition throughout obstacle crossing 

with aging, in young and old healthy subjects and in PD. 

In the aforementioned studies, exercise and/or physiotherapy 

Figure 6 Top view of the laboratory setting of the effect of Tai Chi Chuan training 
in obstacle crossing behavior, analyzed by kinematics (vicon motion analysis system) 
and kinetic ground reaction forces (Kistler force plates).
Note: The effect of Tai Chi Chuan on obstacle crossing strategy in older adults. 
Chang YT, Huang CF, Chang JH. Research in Sports Medicine. 26 Jun 2015. Reprinted 
by permission of the publisher (Taylor & Francis Ltd, http://www.tandfonline.com).52
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modulated and improved obstacle-crossing behavior and 

efficiency, not only in healthy older subjects but also in PD 

patients. It could, however, still be argued if these benefits 

are only due to an overall better muscular fitness or is a result 

of a combination of muscular and cognitive benefits, with 

the latter being consequent to the adaptability and relearning 

of crossing obstacle behaviors.

Conclusions and future directions
Despite the abundant literature on obstacle crossing in humans, 

the question of how the CNS controls postural stability and 

locomotion during obstacle crossing, remains unclear, even 

more in PD. The effect of aging on the ability to safely nego-

tiate obstacles is paramount since difficulty in negotiating 

obstacles is one of the key determinants that lead older 

adults to refrain from walking. With regard to PD, there is 

paramount evidence that PD patients present an increased 

risk of falls, such as during obstacle crossing. This increased 

risk of falling while obstacle crossing is not only due to 

impairment in postural control and locomotion but also 

because of an impairment in the gait adaptability and error 

trial relearning that involves cognitive behavior in PD. In 

this review article, the authors have put forward the current 

knowledge on the gait analysis, in particular, the clinimetric 

properties of obstacle-crossing behaviors during aging and 

in PD. Dadashi et al53 made a substantial work, on a large 

cohort of 1,400 healthy participants, establishing normative 

values for foot clearance and gait speed parameters. This is 

a crucial work in order to understand the complex relation-

ship between gait and falls as well as obstacle-negotiation 

strategies, paving the way for future studies with different 

apparatus and paradigms. However, in contrast to spatiotem-

poral parameters (such as gait speed), the variability of 

gait may better reflect the dynamics of gait, bringing some 

order to chaos.21 In addition, when designing apparatus in 

laboratory–hospital environments, especially when seeking 

to analyze variability, hundreds of strides, particularly in 

dual-task conditions, should be collected for reliable data.39 

In spite of all this, when setting apart from laboratory to 

ambulatory evaluation in future studies, this limitation will 

be over-ridden and other challenges, such as management 

of bigger data, will certainly arise.

The interplay between cognition and gait,30 and the influ-

ence of postural instability in PD in reducing the automaticity 

of gait putting a higher burden on cognitive compensatory 

strategies have also been discussed. This assertion has been 

put forward by taking advantage of the dual-task paradigms 

during gait analysis. However, thinking about the complexity 

of daily life environments, the results extracted in laboratory 

settings may be influenced by the fixed protocols, sometimes 

poorly ecological, and the analytic approach itself.34 Neuro-

logical diseases impair the structure and function of locomotor 

and postural control networks, and pathological and/or 

compensatory changes are reflected in slowness, increased 

variability, worst postural control and increased risk of falling. 

This is particularly evident in PD where postural instability 

is a critical landmark in the progression of the disease. In 

the present review, the authors have presented several argu-

ments for considering obstacle crossing as a complex task, 

where several networks, postural control (eg, APAs), gait and 

cognition (eg, executive functions), visual perception (eg, 

environment constrictions; obstacle height) and multisensory 

integration (eg, proprioception), have all converged in order to 

avoid tripping and falling. In this context, gait analysis proto-

cols taking the use of crossing obstacle paradigms can provide 

a quick screening tool to identify patients at a risk of falling 

and evaluate outcomes of training rehabilitation programs. 

In fact, several promising physiotherapy interventions have 

already shown robust scientific evidence,54 contemplating 

itself as a field of growing interest and investigation. The sen-

sory information, regarding limb load and/or foot pressure, can 

modulate temporal and spatial components of step initiation 

and obstacle crossing, and in this perspective, augmenting the 

interplay between postural control and locomotion (eg, APAs) 

should be envisioned in future rehabilitation protocols.48

Once some of the aforementioned doubts are over-

ridden, a better understanding of the impairments of obstacle 

crossing with aging and in neurological diseases such as 

PD will be achieved. This will further pave a way to envi-

sion the rehabilitation strategies focusing on the repetition 

and potentiating the learning effect. In addition to muscle 

strengthening, there is paramount evidence that by trial and 

error, the behavior of obstacle crossing can be revived and 

relearned in order to achieve a new and better outcome. 

Despite potentially slow rates of adaptation and learning in 

PD, the so-called postural inflexibility of PD,50 patients can 

eventually relearn and adapt gait and crossing behavior with 

repetition. Further, the more breathtaking fact is the expec-

tation that there is a carrying-over effect from cognitive to 

physical gait domains, thus providing a dual beneficial effect, 

in cognition, reducing dual-task costs, and risk of falling 

when crossing an obstacle.33
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