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Abstract

Dementia and gait impairments often coexist in older adults and patients with neurodegenerative

disease. Both conditions represent independent risk factors for falls. The relationship between

cognitive function and gait has recently received increasing attention. Gait is no longer considered

merely automated motor activity but rather an activity that requires executive function and

attention as well as judgment of external and internal cues. In this review, we intend to: (1)

summarize and synthesize the experimental, neuropsychological, and neuroimaging evidence that

supports the role played by cognition in the control of gait; and (2) briefly discuss the implications

deriving from the interplay between cognition and gait.

In recent years, the dual task paradigm has been widely used as an experimental method to explore

the interplay between gait and cognition. Several neuropsychological investigations have also

demonstrated that walking relies on the use of several cognitive domains, including executive-

attentional function, visuospatial abilities, and even memory resources. A number of

morphological and functional neuroimaging studies have offered additional evidence supporting

the relationship between gait and cognitive resources. Based on the findings from 3 lines of

studies, it appears that a growing body of evidence indicates a pivotal role of cognition in gait

control and fall prevention. The interplay between higher-order neural function and gait has a

number of clinical implications, ranging from integrated assessment tools to possible innovative
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lines of interventions, including cognitive therapy for falls prevention on one hand and walking

program for reducing dementia risk on the other.
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Gait disorders are common in older adults and represent a core feature of most

neurodegenerative diseases. In a large, population-based study, the prevalence of any gait

abnormality among people older than 70 years of age was 35% and increased further with

age, reaching 46% in subjects older than 85 years.1 Gait impairments have been associated

with an increased risk for falls and immobility, which in turn, contributes to greater

disability, to institutionalization with consequent increases in health care costs, and

ultimately, to death.1–3

Cognitive decline is another independent risk factor for falls.4,5 Gait disorders and falls are

more prevalent in demented patients compared with nondemented subjects, and there is a

direct relationship between cognitive impairment severity and increased gait

abnormalities.6,7 Given these associations and the impact of cognitive impairment and gait

abnormalities on functional independence, it is not surprising that the relationship between

cognitive function and gait performance has received increasing attention in the last decade

as the population of older adults rapidly expands. Gait is no longer considered merely

automated motor activity, but rather an activity that requires executive function and attention

as well as motivation and judgment of external and internal cues.8 Dysfunction in specific

gait features has been associated with increased risk of cognitive decline and Alzheimer’s

disease (AD)9; and gait abnormality, as measured by quantitative gait assessment, was

reported to be frequent in older adults diagnosed with mild cognitive impairment (MCI) in a

large, community-based cohort.10 Finally, elderly fallers have been found to display specific

executive and attention dysfunctions,11 and a recent systematic review and meta-analysis of

27 prospective studies conducted in healthy older adults with at least 1 year of follow-up

reported a significant relationship between executive dysfunction and increased risk of

falling.12 These findings highlight the multiple links between gait, cognitive function, and

falls.

The purpose of the present review is 2-fold. We provide an overview of the available

evidence that can help to better elucidate the pathophysiological mechanisms underlying the

relationship between specific cognitive domains/brain areas and different gait components

by focusing on 3 separate lines of evidence. Second, we assess the possible “translational”

relevance of these theoretical links and models. Toward this end, the topics of the present

review include the following:

1. A summary of the experimental, neuropsychological, and neuroimaging evidence

that supports the role played by cognition in gait control among several study

populations with varying degrees of motor and cognitive impairments, including

older adults, subjects with MCI, patients affected by dementia, and subjects with
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Parkinson’s disease (PD). This review is meant to be illustrative, but not

exhaustive.

2. A discussion of the clinical implications derived from the interplay between

cognition and gait.

Gait and Cognition: The Dual-Task Paradigm

The cognitive contribution to gait control is supported by experimental evidence offered by

the dual-task (DT) paradigm, including both the “absolute” performance under DT and the

interference that expresses the change on walking between DT and single-task performance.

When subjects are asked to walk while performing another task, eg, serial subtracting or

verbal fluency testing, the change in performance in either or both tasks indicates the extent

of the cognitive demand.13 The simultaneous performance of 2 tasks not only leads to a

competition for attention resources, but it also forces the brain to decide which task to

unconsciously prioritize when no specific instructions are given about task prioritization.

Although single-tasking and fast walking may also rely on attention, the degree of the

cognitive challenge is likely to be less. This explains why the DT methodology has been

widely used in recent years to explore the interplay between gait and cognition in both

normal aging and several neurological diseases. Here, we briefly review key studies on these

issues.

The DT Paradigm in Healthy Subjects

Most reports14–19 show that DT conditions exert a detrimental effect on gait variables in

healthy adults of all ages, with stronger effects reported in older adults.15,17 In particular, a

DT might interfere with gait by reducing walking speed and increasing variability (eg,

stride-length variability, stride-time variability), which are measures of stability

impairment.20–22 However, when evaluating the effects of prioritization, healthy young

adults and, less so, older adults tended to give priority to motor over cognitive tasks.14,23

This result would support a “posture first” strategy that represents the unconscious strategy

to avoid hazards in order to prevent falls. Nevertheless, even healthy young adults may not

always prioritize gait,24,25 suggesting that a more complex model would be needed to

account for prioritization strategies.26 Table 1 summarizes key findings on DT effects in

healthy subjects.

The DT Paradigm in MCI and AD

The DT effect is larger in subjects with cognitive impairment than in controls,18,27–30 and an

increase in the DT complexity further worsens the gait measures.29,30 Furthermore, when

comparing different grades of cognitive impairment (eg, MCI subjects and AD patients),

more severe cognitive impairment (ie, AD) is associated with more detrimental DT effects

on gait.30 Table 2 summarizes findings on the effects of DT in MCI and AD.

The DT Paradigm in PD

The primary effects of PD are seen in motor control, but cognitive function is also

diminished, even in the early stages of disease.31 Thus, it is not altogether surprising that DT

also affects the gait of patients with PD.22,32–37 In particular, PD patients display greater
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gait asymmetry,34 reduced bilateral coordination, and increased gait variability, compared to

age-matched controls during DT conditions.22,33,35,36,38 In addition to reduced speed, these

latter 2 variables have been associated with an increased risk for falling.22 Several reports

have also described the concept of “wrong prioritization” (first task and then posture) that

increases the risk of falling in PD patients,32,39 but PD patients who were cognitively intact

have shown task prioritization abilities similar to those of healthy older adults.36 The

magnitude of the DT impact on gait in PD therefore appears to be directly related to the

underlying cognitive dysfunction.22,38,40,41 Evaluation of the relationship between DT

interference and disability in PD revealed that the decrement in verbal fluency was

associated with greater disability, whereas the change in gait speed was not.42 Furthermore,

Yogev-Seligmann et al.37 have shown that the DT effect was largest for walking,

intermediate for cycling, and smallest for standing, in young adults, older adults, and in

cognitively intact patients with PD. Interestingly, the costs were highest for the PD patients

and lowest for the young adults. Those results support the idea that walking represents a

complex motor task requiring both bilateral coordination and dynamic postural control that

are continuously monitored by cognitive resources. Table 2 summarizes the main findings

on the effects of DT on the gait of PD patients.43

In conclusion, gait changes while performing another task, especially highly demanding

ones that require simultaneous involvement of multiple cognitive skills,23,32,44 strongly

support the hypothesis that shared higher-order neural networks are involved in the

simultaneous performance of 2 tasks. Although the effects of DTs on gait are now well-

described, it is not yet clear if the interference is a reflection of limited processing capacity

or if it is a more specific deficit in the ability to perform walking and another complex task

simultaneously. Be that as it may, walking is clearly altered when the concurrent task

competes for common neural resources,45 and the degree of the alteration has a direct

relationship with the extent of the frontal cognitive reserve that depends on both aging and

disease-related pathological changes. It is, however, not yet clear if there are distinctions, in

magnitude or quality, between the effects of aging and pathology on the DT gait

interference.

A recent meta-analysis reported that changes in gait performance during DT were associated

with increased risk for falling among healthy older adults and, to a considerable extent,

among frail older adults.46 This idea, however, was not confirmed in a recent study on PD

patients, possibly due to the mild stage and/or the normal cognitive status of the cohort.47 In

the latter study,47 certain gait variability measures were unexpectedly unaffected during DT

conditions. This may be due to the use of an auditory Stroop task, which provides a

beneficial cueing effect. Indeed, external cues may influence gait through several possible

mechanisms, eg, compensatory cerebellar-parieto-premotor pathways, or by facilitating task

prioritization (executive function) and/or attentional control.48

Neuropsychological Evidence Linking Cognition and Gait

Many studies have demonstrated an association between poorer executive/attention domain

and gait dysfunction in older adults,4,5,19,24,49–52 in patients with MCI and those with

AD,28,53,54 and in patients with PD.40,55–59 Most studies that assessed the relationship
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between impairment of specific cognitive domains and poorer gait components consistently

showed that poorer executive/attention domain performance was associated with increased

gait variability measures, especially during tasks that demanded cognitive skills in older

adults,19,24,51,60 in AD patients,28 and in PD patients.55 Furthermore, poorer executive

function and increased gait variability measures during DT predicted future falls in older

adults.4,5 In addition to gait variability measures, executive dysfunction has also been

associated with reduced gait speed during highly demanding DTs in older adults,50 in

patients with MCI,53,54 in AD patients53 and in PD patients (the association was weak in the

latter group).40 In addition, freezing of gait (FOG) has been associated with executive

dysfunction57,59,61 and with a worse progression of cognitive decline58 in PD patients.

Several more recent studies have demonstrated a visuospatial contribution to gait in older

adults52 and in PD patients.56,61–63 In particular, gait stability, as evaluated by either

quantitative gait assessment52,63 or Unified Parkinson’s Disease Rating Scale (UPDRS)

subitems,56,62 was consistently associated with visuospatial abilities. Visual sampling

(saccadic frequency) may explain this relationship in PD.64 Furthermore, different aspects of

FOG in PD were correlated with visuospatial deficits in combination with executive

dysfunction.61

Finally, some studies have shown the less intuitive contribution of memory to gait control in

older adults.9,10,60,65 In those studies, memory was associated with cadence.9,10,60

Furthermore, 1 longitudinal study showed that memory impairment, in combination with

executive dysfunction, was associated with greater gait speed decline.65 Table 3 summarizes

the main findings on the relationship between neuropsychological findings and gait.

Neuroimaging Findings Supporting the Relationship Between Cognition

and Gait

A number of neuroimaging findings offer additional support to the relationship between gait

and cognitive resources. Several magnetic resonance imaging (MRI) studies have evaluated

the contribution of white-matter hyperintensities (WMHs) and/or the role of focal brain

atrophy on both gait and cognitive dysfunction in older adults.66–73 WMHs were

independently associated with gait disturbances and cognitive impairment either irrespective

of66 or together with brain atrophy.71 Furthermore, periventricular leukoaraiosis was

associated with poorer mobility and poorer executive performance in subjects with MCI,

even after adjusting for ventriculomegaly.68 Conversely, ventricular dilatation,69 a marker of

subcortical atrophy, or corpus callosum atrophy67 was independently linked to both reduced

gait speed and cognitive impairment in subjects with WMHs. In addition, subjects with

high-level gait disorders (defined as cautious gait with reduced mobility, significant fear of

falling, abnormal postural responses, mild extrapyramidal signs, and frontal release signs73)

displayed WM changes, as revealed by reduced fractional anisotropy and increased

displacement values, in regions related to the motor system, as well as in cognitive and

affective-related areas.73

Reduced volumes of both sensorimotor and frontoparietal regions, the former being a motor

domain and the latter being a cognitive domain involved in visuospatial and executive
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abilities, have been associated with impaired quantitative gait variables; namely, reduced

stride length and increased support time.70 Of note, a smaller volume in the prefrontal area

was linked to both slower gait and reduced processing speed, suggesting a shared anatomic

basis for both cognitive and motor function.72

In addition to these morphological findings, a few studies have assessed neurochemical and

functional changes associated with gait and cognitive impairment in older adults.74–76 In 1

study, smaller hippocampal volume was associated with reduced stride length in a general

elderly population.74 In contrast, decreased hippocampal metabolism was related to both

reduced stride length and increased stride length variability (dynamic stability measure) in

subjects with memory impairment, thus indicating a possible relationship among memory,

gait and instability.74 A more recent MRI and MR spectroscopy study that evaluated the

relationship between primary motor cortex and gait variables in subjects with MCI75 showed

that the neurochemistry and volume of the primary motor cortex were associated with gait

performance. In particular, stride-time variability was sensitive to neuronal function,

whereas gait velocity was more affected by inflammatory damage and volumetric changes.

Somewhat different findings were described in a pilot functional MRI (fMRI) study

designed to identify the neural correlates of executive functioning in fallers.76 In that study,

fallers showed reduced activation of the posterior lobe of the right cerebellum compared to

nonfallers. Interestingly, certain regions of the cerebellum have been related to executive

function in another study.77

A very recent study found significant reduction in the volumes of gray matter (GM) in

several areas involved in motor and mental functions in PD patients with the postural

instability gait difficulty (PIGD) PD subtype compared with patients with the tremor

dominant (TD) PD subtype.78 In addition, 2 studies79,80 investigated the relationship

between FOG, cognition, and GM atrophy. Despite some possible differences in local GM

loss in the 2 studies that might have been due to the significantly different disease stage

and/or disease duration of the 2 populations, FOG was associated with both GM atrophy in

the posterior cortical regions and executive dysfunction. Another study designed to evaluate

brain connectivity by means of resting-state fMRI reported that connectivity disruption of

“executive-attention” and visual neural networks may be associated with FOG in PD.81

Taken together, these findings suggest that the association of frontal cognitive impairment

and deficits in visuoperceptual areas might represent the anatomofunctional basis for FOG

in PD.

Two positron emission tomography (PET) studies investigated the role of cholinergic system

and β-amyloid on instability and gait disturbances in PD.82,83 Cholinergic system

dysfunction was particularly associated with a history of falls,82 whereas neocortical β-

amyloid deposition was linked with increased PIGD features,83 further supporting the key

contribution of cognitive function to gait and falls. Consistent with this idea, a recent study

that used the short-latency afferent inhibition method to reflect cholinergic activity

demonstrated an association between gait dysfunction, cholinergic deficiency, and attention

impairment in PD.84 The main findings on the relationships between gait, cognition, and

neuroimaging results are summarized in Table 4.
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Summary of Evidence From Experimental, Neuropsychological, and

Neuroimaging Studies

The 3 different lines of evidence herein reported consistently support the interaction

between cognitive function and gait performance. In particular, it is possible to point to 3

levels of associations: (1) unspecific association; (2) an association between more specific

findings and specific gait measures; and (3) a specific association among gait dysfunction,

cognitive impairment, and reduced cholinergic activity.

Unspecific Association

Broad neuroimaging findings (eg, generalized brain atrophy/WMH) have been related to

gait speed, an overall measure of gait, suggesting that the association between gait and

cognition has a nonspecific nature.

An Association Between More Specific Findings and Specific Gait Measures

Experimental and neuropsychological findings support the important role played by

attention and executive function in gait control and the regulation of gait speed and

variability. These neuropsychological data suggest a more specific role of cognitive

function. In particular, gait may be modulated by frontal cognitive networks that use and

manipulate sensory information via cortical sensory association areas, namely the parietal

and occipital cortices.85 The frontal-visuospatial network may be one of the neural

substrates that regulates both velocity and gait variability, a measure of dynamic stability.

This network is involved in the flexible adaptation of motor behavior, especially whenever

the environmental context changes. Interestingly, neuroimaging studies further support these

relationships by showing associations between frontoparietal brain atrophy and/or reduced

neural activation, on one hand, and gait variability, instability or FOG, on the other hand. Of

note, a few neuropsychological findings and neuroimaging data such as reduced

hippocampal metabolism also support the contribution of memory to gait control. Because

the hippocampus has been associated with keeping rhythmic locomotion within a learned

motor plan,74 it could be speculated that either memory plays a direct role in rhythm

maintenance, or memory and rhythm might share common neural networks; alternatively,

the association between memory and gait might be unspecific.

Partially in agreement with this model, Lord et al.86 found a direct correlation between

attention and gait speed using a factor analysis approach in a sample of older adults.

Nevertheless, they did not find a relationship between executive function and gait variability

measures or a correlation between memory and rhythm. This could be an artifact of the

factor analysis approach and/or related to the high-functioning cognitive status of the

population. Future studies should more fully address this issue.

A Specific Association Among Gait Dysfunction, Cognitive Impairment, and Reduced
Cholinergic Activity

In this scenario, the cholinergic system may play a pivotal role as a unifying factor. In fact,

the nucleus basalis of Meynert supplies the majority of the cholinergic input to the cerebral

cortex, modulating hippocampus activity and the cognitive frontoparietal networks.87
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Moreover, the cholinergic pedunculopontine nucleus (PPN) may exert a key role on both

attention88 and locomotion.89 The recent neuroimaging82 and electrophysiological

findings84 reported above (in the section Neuroimaging findings supporting the relationship

between cognition and gait) further corroborate the intriguing cholinergic hypothesis.90

Implications

The main findings summarized herein show that cognitive impairment and gait

abnormalities, as well as dementia and increased risk for falls, often coexist. Furthermore,

this growing body of data has demonstrated that gait abnormalities predict the future

development of dementia, and cognitive impairment increases the risk of falls (see Fig. 1).

Extending this innovative idea,91 we suggest that integrated cognitive/motor assessment

tools are needed for both dementia and fall risk estimation. In other words, any tool aimed at

assessing gait impairment and fall risk should ideally take into account cognitive resources92

and, in turn, assessment tools for identifying subjects at risk of developing dementia should

include gait assessment, perhaps speed, gait variability, and other measures.

Consistent with this idea, very recently Verghese et al.93 introduced a new construct that

they refer to as motor cognitive risk (MCR) syndrome. This syndrome integrates motor and

cognitive deficits and aims at enhancing the early detection of subjects who have an

increased risk of developing dementia. Operationally, MCR identifies a condition of MCI

plus reduced speed gait. In a prospective study, the MCR construct predicted dementia better

then MCI alone or gait speed alone.93 Although these intriguing findings can be interpreted

in several distinct ways, they further support the idea that gait and cognition are related to

each other.94

Another implication deriving from the model regards possible lines of intervention (see Fig.

1). These include: (1) cognitive therapy for falls prevention; and (2) walking programs for

reducing dementia risk, and are briefly reviewed in the next 2 sections.

Cognitive Therapy for Falls Prevention

A recent systematic review95 concluded that factors such as the degree of cognitive

impairment could affect the success of interventions for falls prevention; cognitive training

interventions might represent an option to bridge this gap. Further, as the body of evidence

herein reported shows, cognitive abilities are apparently critical to safe ambulation. A

number of studies have evaluated the effectiveness of cognitive training interventions,

mainly based on DT training, in improving gait and balance, and in reducing falling risks in

older adults and demented or parkinsonian patients. Overall, the effects of these preliminary

therapies on gait measures are encouraging. Nevertheless, their effectiveness in reducing fall

risk per se has not been evaluated (2 recent reviews: Montero-Odasso et al.91 and Segev-

Jacubovski et al.96).

A further possible line of intervention to enhance cognitive function to prevent falls is the

use of cognitive pharmacological therapy. Several cognitive enhancers including

methylphenidate, cholinesterase inhibitors, and memantine have been used in a number of

pilot studies to assess their effect on gait in older adults or PD patients. Preliminary results
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are generally promising, but larger clinical trials are needed. Furthermore, it is worth noting

that, apart from indirect effects via cognition, these drugs might affect gait by modifying the

cholinergic, noradrenergic, dopaminergic, and glutamatergic networks involved in gait (2

recent reviews: Montero-Odasso et al.91 and Segev-Jacubovski et al.96).

Walking Programs for Reducing Dementia Risk

In the last 2 decades, several studies demonstrated the effectiveness of physical activity for

preventing cognitive decline. A recent large meta-analysis concluded that physical activity is

inversely associated with dementia risk.97 Nevertheless, few studies have specifically

assessed and conclusively shown the effectiveness of walking programs for preventing

cognitive decline.98–101 In the light of the close relationship between cognition and gait, one

explanation might be that walking requires the coactivation and the interfacing of multiple

cognitive domains and might, therefore, act as a training ground for cognitive skills. It may,

perhaps, be more effective than other types of physical activity in enhancing cognitive

function. Future trials specifically designed to verify this hypothesis are needed.

Future Directions

Based on the wide amount of emerging data, cognition and gait appear to be closely related

in a complex fashion. The temporal relationship between cognitive decline and gait

dysfunction is still not fully understood. Previously, Verghese et al.9 showed that

quantitative gait measures might predict future risk of cognitive decline and dementia in

initially nondemented older adults. More recently, a longitudinal population-based study

concluded that slow gait speed precedes cognitive decline, whereas baseline cognition is not

associated with later changes in gait speed. Taken together, these findings support the idea

that gait impairment antedates cognitive dysfunction and may even represent a reliable risk

factor for cognitive decline.

Nevertheless, in agreement with the opposite notion that cognitive decline precedes later gait

impairment,65,103 Holtzer et al.104 reported that the protective effect of executive function

and episodic memory against speed decline is greater in subjects with higher cognitive

reserve. This might suggest that cognitive reserve plays a pivotal role in regulating later

changes in both age-related and disease-related gait impairment. Untangling the temporal

and the likely causative relationships between cognitive and gait impairments (eg, first gait

changes or cognitive dysfunction?) could aid in the early identification of subjects who have

an increased risk for falls or dementia. To better elucidate this issue, longitudinal studies are

needed. Finally, future studies should also extend the present understandings to other issues

(eg, motor recklessness, cautious gait, fear of falling, and depression) that may also be

related to gait-cognition interactions.

In conclusion, a growing body of experimental, neuropsychological, and neuroimaging

evidence supports the pivotal role of cognition in gait control and the prevention of falls.

The close interplay between higher-order neural function and gait points to a number of

clinical implications ranging from integrated assessment tools to possible innovative lines of

interventions and future directions.
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FIG. 1.
Traditionally, cognitive impairment predicted dementia, whereas gait abnormalities

increased the risk for falling (shaded arrows). A more complete understanding suggests that

cognitive impairment and gait abnormalities, as well as dementia and falls, are associated

with each other (white arrows). According to recent evidence, gait abnormalities predict

dementia and cognitive impairment increases falls risk (gray arrows); based on the close

relationship between cognition and gait, on one hand, integrated tools for risk estimation are

needed (bracket), on the other hand, possible lines of intervention (black arrows) could rely

on enhancing cognition for falls prevention and on walking training for lessening dementia

risk. Adapted from Montero-Odasso et al.91
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TABLE 1

Effect of DT on gait in healthy subjects: summary of main findings

Study Population Gait assessment DT Main results

Lindenberger et
al.15 (2000)

Young adults (n =
47); middle-aged
adults (n = 45);
older adults (n = 48)

Time taken to walk on a
determined track

Memorization ↓ Walking speed during DT and
poorer memorization performance
were associated with increasing
age.

Bloem et al.23

(2001)
Young adults (n =
50); older adults (n
= 13)

Time taken to complete each
task

Set of tasks of increasing
difficulty while walking

↑ Motor errors amount was in
relation with DT complexity. In
complex tasks, young adults gave
priority to motor tasks over
cognitive tasks.

Beauchet et al.16

(2005)
Young adults (n =
49)

Quantitative gait assessment Counting back from 50 ↑ Gait variability and ↓ walking
speed during DT.

Verghese et al.14

(2007)
Older adults (n =
189)

Quantitative gait assessment Recitation of alternate
letters of the alphabet

↓ Walking speed during talking
task prioritization as compared to
walking speed during talking-
walking task (attention to both
talking and walking). Verbal
output was not different on the 2
conditions.

Hollman et al.17

(2007)
Older adults (n =
20); middle-aged
adults (n = 20);
young adults (n =
20)

Quantitative gait assessment Spelling 5-letter words in
reverse

↑ Gait variability and ↓ walking
speed in older versus middle-aged
and young adults during DT. DT
performance was poorer in older
versus middle-aged and young
adults.

Hausdorff et al.19

(2008)
Older adults (n =
228)

Quantitative gait assessment Serial 3 and 7
subtracting,
phonememonitoring

↓ Gait speed and swing time and ↑
gait variability during DT. Gait
variability but not gait speed under
DT was correlated with executive
function.

Criteria for papers selection: sizable sample, novelty of content, English language.

DT, dual task.

Mov Disord. Author manuscript; available in PMC 2014 September 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Amboni et al. Page 18

TABLE 2

Effect of dual task on gait in MCI, AD, and PD subjects: summary of main findings

Study Population Gait assessment DT Main results

Camicioli et
al.27 (1997)

Older adults (n = 43);
AD patients (n = 15)

Time and steps number taken
to walk 30 feet

Verbal fluency task ↓ Walking speed in AD patients
versus older adults during DT.

Sheridan et
al.28 (2003)

AD (n = 28) Quantitative gait assessment Forward digit span ↑ Gait variability and ↓ walking
speed during DT. EF performance
scores were associated with ↑ gait
variability during DT.

Montero-
Odasso et al.29

(2012)

MCI (n = 43); CS
(control subjects) (n
= 25)

Quantitative gait assessment Serial subtracting and
semantic fluency task

↑ Gait variability and ↓ walking
speed in MCI versus CS during DT
in relation with increasing DT
complexity.

Muir et al.30

(2012)
AD (n = 23); MCI (n
= 29); CS (n = 22);
PD (n = 15)

Quantitative gait assessment Semantic fluency task;
serial subtracting (by 1s
and 7s)

↑ Gait variability and ↓ walking
speed in AD and MCI versus CS
during DT in relation with DT
complexity.

Yogev et al.34

(2007)
Elderly fallers (n =
15); CS (n = 11)

Quantitative gait assessment Serial subtracting ↑ Gait asymmetry during DT in PD
and in elderly fallers versus CS.

Bloem et al.32

(2001)
Young adults (n =
50); older adults (n =
20); PD (n = 20)

Time taken to complete each
task

Set of tasks of
increasing difficulty
while walking

In addition to slow performance, PD
patients gave priority to cognitive
task rather then gait.

Hausdorff et
al.33 (2003)

PD (n = 10) Quantitative gait assessment Serial subtracting During normal walking, gait
variability was correlated with fall
risk, disease duration and severity,
motor and cognitive function. When
walking during DT, gait variability ↑.

Plotnik et al.35

(2009)
PD (n = 21); CS (n =
13)

Quantitative gait assessment Serial subtracting ↓ Bilateral coordination and ↑ gait
variability in PD versus CS during
DT

Plotnik et al.38

(2011)
PD (n = 30) Quantitative gait assessment Serial subtracting Stride length, gait speed and

variability, bilateral coordination and
gait asymmetry were affected by DT.
Set-shifting performance accounted
for such effect.

Plotnik et al.21

(2011)
PD (n = 30, fallers
and nonfallers)

Quantitative gait assessment Serial subtracting ↑ Gait variability, ↓ walking speed
and ↓ bilateral coordination in fallers
versus nonfallers.

Yogev-
Seligmann et
al.36 (2012)

PD (n = 20); CS (n =
20)

Quantitative gait assessment Verbal fluency task
with:(1) no
prioritization; (2)gait
prioritization; (3) task
prioritization

↓ Walking speed in both groups
under DT without prioritization. ↑
Gait variability during all 3 DT in
both groups. Task prioritization
abilities were similar in PD and CS.

Yogev-
Seligmann et
al.37 (2013)

Young adults (n =
21); older adults (n =
15); PD (n = 18)

Quantitative gait assessment Verbal fluency task
during: (1) standing; (2)
cycling; and (3) walking

DT effects were largest for walking,
intermediate for cycling and smallest
for standing in all groups but with
maximum cost in PD, an
intermediate cost in older and a
minimum cost in young adults.

Fuller et al.42

(2013)
PD (n = 154) Time taken to walk 50 feet Verbal fluency task During DT, PD patients showed ↓

verbal fluency and ↓ gait speed.
Decrement on verbal fluency and not
on walking speed during DT resulted
associated with greater disability.

Criteria for papers selection: sizable sample, novelty of content, English language. For a complete review on the DT effect in PD see also Kelly et

al.43 (2012).

MCI, mild cognitive impairment; AD, Alzheimer’s disease; PD, Parkinson’s disease; DT, dual task; EF, executive function; CS, control subjects.
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TABLE 3

Relationship between cognitive domains and gait variables: summary of main neuropsychological findings

Study Population Cognitive domains evaluated Gait assessment Main findings

Hausdorff et
al.49 (2005)

Older adults (n =
43)

Executive/memory. In addition, tapping
and catching abilities were evaluated.

Quantitative gait assessment
measures

Better catching but not
tapping performance was
associated with walking
(↑ gait speed and ↓ gait
variability). ↓ Gait
variability was associated
with better executive
function

Springer et
al.24 (2006)

Young adults (n =
19); older adults
including fallers
and nonfallers (n
= 41)

Executive/attention, memory Quantitative gait assessment ↑ Gait variability
measures were increased
during DT only in the
fallers. ↑ Gait variability
measures correlated with
worse executive function.

Coppin et
al.50 (2006)

Older adults (n =
737)

Executive/attention Gait velocity assessment Poor executive functions
were associated with ↓
gait speed during complex
walking tasks.

Hausdorff et
al.19 (2008)

Older adults (n =
228)

Executive/attention, memory, visuospatial Quantitative gait assessment ↑ Gait variability but not ↓
gait speed during DT
correlated with worse
executive/attention
performance.

van Iersel et
al.51 (2008)

Older adults (n =
100)

Executive/attention, memory Quantitative gait assessment Executive functions were
associated with ↑ gait
variability measures
during the most
demanding DT (animal
naming).

Herman et
al.5 (2010)

Older adults (n =
262) followed for
2 y

Executive/attention, memory, visuospatial,
global intelligence

Quantitative gait assessment Baseline poorer executive
function and ↑ gait
variability during DT
predicted future falls over
the 2-year follow-up
period.

Mirelman et
al.4 (2012)

Older adults (n =
256) followed for
5 y

Executive/attention, memory, visuospatial Quantitative gait assessment,
falls report

Baseline executive/
attention performance and
gait variability under DT
predicted future falls.

Sheridan et
al.28 (2003)

AD (n = 28) Executive/attention Quantitative gait assessment ↑ Gait variability during
DT correlated with worse
executive/attention
performance.

Persad et
al.53 (2008)

MCI (n = 26); AD
(n = 15); CS (n =
12)

Executive/attention, memory, visuospatial Gait velocity assessment on
walkways of increasing
cognitive demand

AD and MCI subjects
with executive
dysfunction were slower
than CS and MCI without
executive dysfunction;
executive functioning was
associated with ↓ gait
speed during the most
demanding walkway.

Montero-
Odasso et
al.54 (2009)

MCI (n = 55) Executive/attention Gait velocity test Working memory was
associated with ↓ gait
speed especially during
DT.

Yogev et
al.55 (2005)

PD (n = 30); CS
(n = 28)

Executive/attention, memory Quantitative gait assessment Executive functions were
associated with ↑ gait
variability measures
during DT.
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Study Population Cognitive domains evaluated Gait assessment Main findings

Rochester et
al.40 (2008)

PD (n = 130) Executive Quantitative gait assessment ↓ Gait speed during DT
was weakly associated
with executive
functioning.

Amboni et
al.57 (2008)

PD with FOG (n =
13); PD without
FOG (n = 15)

Executive function FOG-Q PD with FOG versus PD
without FOG performed
worse on executive testing
with a direct relation
between FOG severity
and executive impairment.

Amboni et
al.58 (2010)

PD with FOG (n =
13); PD without
FOG (n = 15)
followed for 2 y

Executive function FOG-Q PD with FOG versus PD
without FOG displayed a
worse progression of
executive dysfunction
over a 2-year follow-up
period.

Naismith et
al.59 (2010)

PD with different
FOG severity (n =
31)

Executive function FOG-Q FOG symptoms were
selectively associated
with poorer performance
on tasks of set-shifting.

Martin et
al.52 (2013)

Older adults (n =
422)

Executive/attention, memory, visuospatial Quantitative gait assessment Poorer executive
functions were associated
with worse performance
on most gait measures and
↑ gait variability
measures; visuospatial
abilities were associated
with ↑ double support
phase variability.

Uc et al.56

(2005)
PD (n = 76); older
adults (n = 161)

Executive/attention, memory, visuospatial Subitems stability and gait
UPDRS III

Poorer visuospatial
abilities and executive
function were associated
with worse gait and
postural stability.

Domellof et
al.62 (2011)

Newly diagnosed
PD (n5103)

Executive/attention, memory, visuospatial,
language

Subitems UPDRS III Axial signs (gait and
stability) were associated
with worse visuospatial
memory and visuospatial
functioning.

Amboni et
al.63

(2012)a

PD (n = 43) Executive/attention, memory, visuospatial Quantitative gait assessment The stability factor was
found to be strongly and
directly correlated with
visuospatial domain
performance.

Nantel et
al.61 (2012)

PD (n = 30) Executive/attention, visuospatial FOG-Q; alternating SIP Visuospatial deficits
correlated with all SIP
freeze metrics, FOG-Q
total score; executive
function deficits
correlated with FOG-Q,
SIP arrhythmicity and
duration of FOG episodes.

Verghese et
al.9 (2007)a

Older adults (n =
427) followed for
5 y

Executive/attention, memory, general
cognition

Quantitative gait assessment Baseline rhythm factor
was associated with
memory decline; baseline
pace factor was associated
with decline on executive
function; both baseline
rhythm and variability
factor were associated
with later dementia.

Verghese et
al.10

(2008)a

Amnestic MCI (n
= 54);
nonamnestic MCI
(n = 62); CS (n =
295)

Executive/attention, memory, language Quantitative gait assessment Subjects with amnestic
MCI had worse rhythm
and variability scores than
those with nonamnestic
MCI and controls.
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Study Population Cognitive domains evaluated Gait assessment Main findings

Subjects with
nonamnestic MCI had
worse performance on the
pace domain than the
other 2 groups.

Watson et
al.65 (2010)

Older adults (n =
909) followed for
5 y

Executive/attention, memory, global
cognition

Gait velocity assessment Baseline poorer
performance in global
function, memory and
executive function were
associated with greater
gait speed decline per
year.

Holtzer et
al.60 (2012)

Nondemented
older adults (n =
671)

Executive/attention, verbal IQ, memory Quantitative gait assessment Executive/attention and
memory predicted speed
during DT; memory
predicted cadence during
both ST and DT;
executive/ attention was
predictor for gait
variability during both ST
and DT.

Criteria for paper selection: novelty of content, evaluation of both cognition and gait, English language.

DT, dual task; AD, Alzheimer’s disease; MCI, mild cognitive impairment; CS, control subjects; PD, Parkinson’s disease; FOG: freezing of gait;
FOG-Q, FOG questionnaire; UPDRS III, Unified Parkinson’s Disease Rating Scale–Motor Function, Part III; SIP, stepping in place; IQ,
intelligence quotient; ST, single task.

a
Factor analysis approach.
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