What can gait tell us about dementia? Review of epidemiological and

neuropsychological evidence

Abstract

Background: Cognitive impairment and gait disorders in people over the age of 65 represent
major public health issues because of their high frequency, their link to poor outcomes and
high costs. Research has demonstrated that these two geriatric syndromes are closely related.
Methods and Results: We aim to review the evidence supporting the relationship between gait
and cognitive impairment, particularly focusing on epidemiological and neuropsychological
studies in patients with Mild cognitive impairment, Alzheimer’s disease and Vascular
dementia. The review demonstrates that gait and cognition are closely related, but our
knowledge of their interrelationship is limited. Emerging evidence shows that gait analysis has
the potential to contribute to diagnosis and prognosis of cognitive impairment.

Conclusions: An integrated approach for evaluating these major geriatric syndromes, based on
their close relationship, will not only increase our understanding of cognitive-motor
interactions, but most importantly may be used to aid early diagnosis, prognosis and the

development of new interventions.
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Introduction

Cognitive impairment and gait disorders in people over the age of 65 represent major public

health issues because of their high frequency, their link to poor outcomes and high costs [1].

Gait changes with ageing [2]. A gait disorder is present when the patient walks even more
slowly than expected for age, or when there are qualitative abnormalities of locomotion, such
as disturbances of the initiation of gait or balance [2]. Gait dysfunction and gait abnormality
are terms describing deviation from normal walking, but not to the degree of a recognised gait
disorder. Motor dysfunction is a broader term, including not only impairment in gait, but other

motor skills as well.

We describe the evidence supporting the relationship between gait and cognition, possible
shared pathomechanisms and the gait changes associated with Mild Cognitive Impairment
(MCI) and Dementia. We review the evidence suggesting that gait performance is a predictor
of adverse outcomes, particularly cognitive decline and conclude by outlining the role of

interventions and future directions in this growing area of research.

Methods

We searched PubMed from 1970 to October 2016 for the following terms and keywords:
‘gait’, ‘walking’, ‘gait analysis’, ‘gait disorder’, ‘gait variability’, ‘gait measures’, ‘mobility’,
‘ageing’, ‘cognition’, ‘cognitive impairment’, ‘dementia’ and ‘older adults’. 1203 titles and
abstracts were screened and we then reviewed 171 full text papers. We included
epidemiological and neuropsychological studies that investigated the relationship between
gait and cognition in healthy older adults, as well as in people with MCI, Alzheimer’s disease

(AD) and Vascular dementia (VD), particularly when caused by small vessel disease (SVD).



Studies in disorders associated with well-characterised motor symptoms were excluded, as
these are beyond the scope of the review. We identified additional studies by hand-searching

reference lists (Fig 1).

Results

Relationship between gait and cognition

Human gait is considered a complex, non-linear process during which the locomotor system
incorporates input from the cerebellum, the motor cortex, and the basal ganglia, as well as
feedback from visual, vestibular and proprioceptive sensors [3]. Converging evidence suggest
that gait also relies on a higher order cognitive control [4]. Because intact walking requires
coordinated function of multiple regulatory circuits, deviation from the normal walking

pattern is a sensitive marker of failure in any of the circuits.

The cortical involvement in gait control is highlighted by studies using the dual task
paradigm, which is based on the hypothesis that two simultaneously-performed tasks interfere
if relying on identical functional subsystems. The dual task effect, which represents the
change in gait pattern between dual and single task performance or change in absolute
performance under dual task conditions, is observed in healthy adults, but it increases with
age and in subjects with cognitive impairment. The magnitude of the effect is directly related
to the degree of cognitive impairment [5-8]. It has been postulated that impaired cognition

results in reduced attentional resource allocation, which can compromises gait stability [9].

Possible shared pathomechanisms underlying the relationship between gait and

cognition



¢ Neurodegeneration
Neurodegeneration in multiple systems leading to coexisting motor and cognitive
symptoms is a mechanism common to several neurological disorders [10]. Little is
known about the underlying pathophysiology of the motor symptoms in early AD. Later,
when the degenerative process spreads to the frontal areas of the brain, gait apraxia is a
common finding [11]. Contrary to the original view of AD as involving mainly cortical
degeneration, systematic pathological studies have found considerable involvement of
brainstem nuclei, which by means of their widespread afferent projections can
modulate disparate brain regions to generate integrated motor and cognitive responses
[12]. Degeneration in multiple systems is thus likely to underlie the motor symptoms in

AD.

e Inflammation
Another pathological process, common to ageing and associated with decline in gait
speed and memory impairment is low-grade systemic inflammation characterised by
increased proinflammatory markers [13]. Inflammation is present in most neurological
diseases manifesting with impairment of mobility and cognition: it has been implicated
in development and progression of AD. Elevated inflammatory markers and activated
microglia are found in both disorders [13, 14], as it is in vascular cognitive impairment
[15]. Neuroinflammation, manifesting as microglial activation, may lead to increased
oxidative stress, pathologic synaptic pruning and impaired neuroplasticity in key brain

regions sub-serving cognition and motor function.

e Vascular



Of particular importance is vascular burden [13, 16]. While vascular damage is the main
causal factor in VD, it also plays a key role in normal ageing and in the development and
progression of cognitive, affective and motor symptoms associated with other disorders
[16]. Vascular risk factors, including hypertension, diabetes, hypercholesterolemia and
atrial fibrillation, among others, confer increased risk for developing of not only VD but
also AD, with mixed pathologies present in a significant proportion of cases [17].
Vascular risk factors are associated with white matter changes, which are associated
with gait slowing (defined as gait velocity <0.5 m/s) in cognitively healthy older adults
[18].White matter changes also represent a marker for current and future cognitive and

gait impairment [19, 20].

A possible unifying underlying pathological mechanism could be the age-related diffuse
micro-damage to small vessels, which compromises the integrity of the frontal-
subcortical circuits involved in the cortical control of motor behaviour and in complex
cognitive functions [16]. While there is an empirical association between vascular risk
factors, cognitive and gait impairment, it remains difficult to identify the biological

mechanisms linking these conditions.

Relationship between neuropsychological performance and gait

e Cognitively healthy older people
In healthy older adults, there is evidence of a small positive association between gait and
global cognition (12 studies, d=0.12, 95% CI = 0.09 to 0.15, p <.001) [21]. In this meta-

analysis, most studies used speed of gait as the outcome measure, while the most common



test of global cognition was the MMSE (Mini Mental State Examination, with a score below

24 denoting cognitive impairment).

Neuropsychological studies have consistently demonstrated a positive association between
executive functions and gait measures in cognitively healthy older people [22-28], although
there are some studies that show no association [29, 30]. For example, worse executive
function has been associated with decreased gait velocity [23, 26], slower pace [27] and
reduced cadence [24]. A meta-analysis of 18 studies revealed a moderate pooled association
between gait and measures of executive function (d=0.2, 95% CI = 0.15 to 0.26, p < 0.001)

[21].

Executive function is also correlated with gait variability [31, 32]. For instance, the degree of
executive dysfunction was correlated with the degree of stride time variability (STV)[22].
STV is a sensitive marker of gait stability [33]. It has been suggested that it reflects one of the
final most highly integrated CNS pathways of gait [33]. In healthy adults, STV is less than 3
% [34], while higher STV has been found in frail older adults [35]. Lower STV is associated
with efficient and safe gait patterns, and it reflects automatic processes that require minimal
conscious cortical input [33]. If the automatic processes are disrupted, intact executive

function is required to compensate.

Other cognitive domains, beyond executive function, are involved in gait control. Immediate
memory, which is often considered a construct of attention and executive function, has also
been linked to gait dysfunction [23, 25, 28, 36, 37] and falls [38] in older adults. More
specifically, in healthy elderly, worse memory was associated with reduced cadence [25], and

impaired gait velocity in single [23] and dual task conditions [25, 37]. A significant number



of studies, however, did not show association [22, 26, 27, 30, 39], suggesting that further
research is required. A meta-analysis including 10 studies reported small association between
greater gait speed and better performance on memory tests (d=0.14, 95% CI= 0.1 to 0.19; p <

0.001) [21].

There is less convincing evidence for an association between performance in the visuospatial
domain and gait in older adults. Visuospatial deficits were associated with reduced gait
velocity [30, 36], as well as with increased double support phase variability [26], which in

turn is associated with an increased risk of falls [40].

Some studies have also found an association between language and gait velocity [23, 36] or
pace [24]. Decreased processing speed has been found to correlate with poorer performance
in many gait measures, including gait velocity [23, 26, 30], rhythm [27], step time, step
length, and double support phase variability [26]. A meta-analysis of 9 studies reported a
small association between reduced gait performance and lower processing speed (d=0.15,
95% CI= 0.1 to 0.2; p < 0.001) [21]. Overall, the research into the relationship between gait
and specific cognitive domains other than executive function is limited and predominantly

restricted to speed-related outcomes. This is particularly true in clinical samples.

e Cognitively impaired older people
MCI is a term describing impairment in one or more cognitive domains that is greater than
normal age- related changes, but not of the magnitude to warrant a diagnosis of dementia
[41]. In dementia, the cognitive impairment is severe enough to interfere with normal
activities of daily living. Executive dysfunction has been associated with reduced gait speed

and increased variability in studies in patients with MCI [42, 43] and AD [31, 43], although



Sheridan et al. 2003 could not confirm this in 28 patients with probable AD [44].
Interestingly, impaired executive function significantly modified STV under single and dual
task conditions. In subjects with dementia and dysexecutive syndrome, when they were
compared to healthy subjects and subjects with dementia, but without executive dysfunction
[45]. Decline in executive function, but not other cognitive domains, was also longitudinally
associated with decline in gait speed (f = —3.55, 95% CI =-5.49, —1.61; p <.001), both in

the presence and absence of baseline cognitive impairment [46].

In people with amnestic and non-amnestic MCI, lower episodic memory performance on the
Rey Auditory Verbal Learning Test (RAVLT) was linked to an increased dual task cost[47];
dual task cost represents the deterioration in performance under dual-task conditions and is
adjusted for individual baseline gait characteristics. In this study, the authors controlled for
the executive dysfunction present in the amnestic MCI group, but not for the global degree of

cognitive impairment, making the interpretation of the results difficult.

Gait characteristics associated with MCI

There are limited studies evaluating gait in MCI, with most [6, 7, 47-54] but not all of them

[55-58] finding evidence of gait dysfunction under normal walking conditions.

Pettersson et al. (2005) did not find differences in motor function when comparing people
with MCI to controls [57]. However, the study used a heterogeneous MCI group, including
people with single-domain and multi-domain MCI, while there is evidence that the gait

patterns differ between MCI subtypes [47, 48]. Further, performance-based tests were used to



assess motor function and a ceiling effect was observed, suggesting that the study lacked

sensitivity to detect subtle changes.

When quantitative gait measures are used the results of individual studies are not always
consistent, but the pooled effect sizes support the presence of gait impairment in MCI [59].
Bahureksa et al., 2016 included 11 studies in a meta-analysis and found that under single task
conditions velocity (d =-0.74, p < 0.01), stride length (d =—0.65, p <0.01), and stride time
(mean: d = 0.56, p = 0.02; coefficient of variation: d = 0.50, p < 0.01) discriminated best
between MCI and healthy controls [59]. Further, Beauchet et al. (2014) demonstrated that
higher STV was related to both MCI (effect size = 0.48 [95% CI: 0.30; 0.65]) and dementia
(effect size 1.06 [95% CI: 0.40; 1.72]) in a meta-analysis of eight studies [34]. Higher STV,
which as described above represents a fine marker of gait control, has also been associated
with episodic memory impairment and executive dysfunction in a community study of 934
people without dementia; the authors concluded that higher STV appears as the motor

phenotype of cognitive decline [34].

Importantly, Bahureksa et al (2016) found that DT assessment increased the discriminative
power of gait variables and several studies have found gait changes in MCI under dual task
conditions only [56, 58, 59]. Gait variability may be especially sensitive to dual task, as a

significant dual task x cognitive status interaction was found for gait variability, but not for

gait velocity, when older adults with MCI were compared with controls [7].

Quantitative gait analysis has also shown gait dysfunction in patients with both amnestic MCI
and non-amnestic MCI [48]. Abnormal gait was almost twice as common in amnestic MCI as

in normal controls [31.5% vs. 16.3%]. Factor analysis of gait measures in patients with



amnestic MCI, non-amnestic MCI and controls, revealed three independent factors
representing pace (a measure of velocity and stride length), rhythm (depends on swing and
cadence) and variability. In non-amnestic MCI, the pace factor was more affected, while in
amnestic MCI the rhythm factor and variability measures were worse. Interestingly, the pace
factor was associated with longitudinal decline in executive functions, whereas rhythm
predicted a decline of episodic memory, thus providing evidence for specific links between

gait measures and cognitive domains [60].

Gait characteristics associated with AD

Gait disorders are more prevalent in people with dementia compared with people without
dementia, and there is a direct relationship between the severity of cognitive impairment and

increased gait abnormalities [61-64].

Mild AD is not thought to be associated with gait disorders. The NINCDS-ADRDA criteria
postulate that gait disorders early in the course of the disease make the diagnosis of probable
AD unlikely [65]. In a validation study of these criteria, Ala and Frey (1995) looked for
documented gait impairment at first presentation of autopsy-proven AD [66].Gait
abnormalities were not reported by any of the patients with mild AD, while they were
experienced by 16% and 32 % of patients with moderate or severe disease, respectively.
Using clinical assessment (i.e. the Tinetti gait protocol) to investigate the presence of gait
disorder in AD and non-AD dementia, including VD, no gait disorders were found in early
AD, although they were observed in moderate and severe AD [62]. The methodology in both
studies, for example self-report in Ala and Frey (1995) and focus on recognised gait

disorders, rather than specific gait abnormalities in Allan et al. (2005), may have resulted in
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limited sensitivity to early gait changes. When the focus was on identifying gait dysfunction,
the Tinetti test was abnormal in 31.5% of patients with mild-to moderate AD, implying that
there is a degree of gait impairment earlier in the disease course [67]. Further, Pettersson et
al. (2002) found that, when compared to controls, patients with mild AD had lower scores on
the Berg Balance Scale, they took longer to complete the timed Up-and-Go test, and took
more steps outside the figure, when asked to walk in a figure of eight [68]. Using the Tinetti

scale, gait dysfunction was found to occur 4.19 years (median time) after AD onset [69].

The presence of gait disorders in later stages of dementia is well established [61, 70, 71]. In
contrast to the ‘cautious gait’ pattern observed in early AD, patients with severe dementia
suffered from various gait disorders, including frontal gait disorder, characterised by

shuffling and hesitation in starting and turning [72, 73].

When more sensitive tools for spatiotemporal gait assessment are used, consistent differences
are found. Early in the disease course, people with AD demonstrate accelerated decline in
gait measures typically declining with age. They show cautious gait, which is defined as
decreased gait velocity, impaired static and dynamic balance and shorter and more variable

stride length [8, 52, 61, 70, 72-75].

Similar to people with MCI, dual-tasking increases the sensitivity of gait assessment, with
some studies finding gait changes such as decreased velocity, increased stride time and STV
in dementia under dual task conditions only [58, 76]. Gillain et al. (2009) found that during
the transition from single to dual task conditions, patients with AD demonstrated a significant
decrease in gait speed and other gait parameters indicating deterioration in gait performance

[77]. These findings are supported by other studies in AD [44, 78, 79], as well as in a
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population of subjects presenting with AD, VD or mixed dementia and frontal impairment

[80].

Van lersel et al. (2004) conducted a systematic review of 7 studies that compared people with
AD to healthy older adults, using quantitative gait analysis or mobility assessment scales
[61].They found consistent changes in gait measures, such as reduced speed and decreased
step length despite the heterogeneity of methods used. Stride-to-stride variability was only
measured in two studies, but it seemed increased compared with normal controls. Despite the
reduced gait speed, and considering their overall level of physical disability, patients with AD
walk too fast [81].The relatively fast gait speed in patients with dementia may reflect frontal
lobe disinhibition or lack of insight [1] and probably contributes to the increased risk of falls

in this population.

Gait characteristics associated with small vessel disease (SVD)

SVD, including combinations of lacunae and white matter lesions, even if not severe enough
to cause dementia, is related to cognitive impairment and gait disturbance [82]. Two recent
systematic reviews found that white matter hyperintensities (WMH) burden is associated with
gait disorders [19, 83]. More specifically, white matter lesions in the frontal lobe, the centrum
semiovale, the internal capsule and the corpus callosum were related to gait dysfunction. The
gait parameters frequently linked to WMH included gait velocity, stride length and step width
[19]. Longitudinal studies show that both baseline WMH and progression of WMH predict

increased risk of falls [84-86].

12



Despite these consistent results, studies on the relationship between WMH and gait have
methodological limitations. For instance, De Laat et al. (2010) found that white matter lesions
and lacunar infarcts were both independently associated with most gait parameters, with
stride length being the most sensitive [87]. WMLs in the basal ganglia, internal capsule and
limbic areas, as well as lacunar infarcts in the frontal lobe and thalamus were related to a
lower velocity [87]. Study participants may have had MCI as they were screened with the
MMSE only, which is not a sensitive test [88]. Similarly, decline in gait and balance
performance were correlated with the severity of white matter changes in nondisabled
community elderly [89]. However, the sample was not population based and was
heterogeneous, including people referred to Neurology because of cognitive decline, minor

strokes, gait disturbances or depression.

Gait characteristics associated with Vascular Cognitive Impairment (VCI) and

Vascular Dementia (VD)

Gait disturbance is almost invariably present early in the course of VD and is included in the

NINDS — AIREN criteria as a symptom consistent with the diagnosis of probable VD [90].

Using quantitative gait analysis, Bazner et al., (2000) established that, patients with
subcortical VCI had reduced cadence, increased variability of single and double support

times, as well as reduced single support phase [91].

Confirming that more severe disease is associated with more prominent gait changes, a
longitudinal study of 1155 patients with subcortical VD found a significant correlation

between the Tinetti scale and the Clinical Dementia Rating Scale, with marked decrease in
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gait measures during follow-up [92]. In patients with VD, there is consistent evidence for
slow, short-stepping, and wide-based gait, as well as disturbance in initiation of gait and

difficulty turning [72, 73].

When compared to subjects with AD, subjects with VD walked more slowly and had a
reduced step length [62]. In this study, the Tinetti scale was used, and 79 percent of patients
with VD exhibited gait and balance disorders, compared with 25 percent of patients with AD.
The rate of decline of mobility also differs, depending on the dementia subtype and rate of
progression. In a longitudinal study of 766 older adults, all types of dementia showed decline
of mobility, but those progressing to non-AD dementia, especially VD, declined faster than
those who remained cognitively healthy (slope=-2.70, P<0.001) or progressed to AD (slope=-
2.18, P<0.001). A steeper physical decline was observed in patients with the fastest

progression of dementia [93].

Association between cognitive impairment, gait impairment and falls

Cognitive and gait impairment are independent risk factors for falls [94]. The incidence of
falls is higher in MCI [95-97], as well as in dementia generally; in subjects with AD and VD

it is almost two times higher than in subjects without cognitive impairment [98].

The mechanisms underlying the observed associations are not entirely understood. Similarly

to the general older population, falls in dementia are likely to be multi-factorial in origin [98].

There is strong evidence that even subtle cognitive deficits play a significant role.

Interference under dual task conditions is a marker of future falls [7, 94, 99, 100], for both
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cognitively intact and impaired [101, 102]. Other factors may be important: dual task cost
was found to predict falls in the short-term in robust older people only (i.e. not frail or
cognitively impaired)[103], while other studies found that dual task tests were better in

predicting falls in frailer older adults [99, 104].

Regarding specific cognitive domains, in cognitively healthy elderly, executive dysfunction
has been associated with an increased risk of falling in a meta-analysis of 27 studies [Odds
Ratio: 1.44, 95%CI (1.20-1.73)] [105]. Impairment in attention [4], processing speed [106]
and visuospatial performance [26, 107] have been linked with higher fall rates in this
population. In MCI and dementia, executive and visuospatial dysfunction have been
associated with higher fall rates [96, 107]. Amongst gait parameters, reduced velocity and
mean stride length were the best predictors of falls in nursing home residents with dementia

[108].

Gait dysfunction as a predictor of cognitive decline

There is increasing evidence that gait dysfunction can independently predict cognitive decline
[60, 109-113], as well as other adverse outcomes such as disability [114], cardiovascular

disease [115] and survival [116].

Several excellent recent reviews have summarised the consistent evidence that poor gait
performance predicts cognitive decline [117-119]. Kikkert et al. (2016) reviewed longitudinal
studies and concluded that gait slowing (0.68—1.1 m/sec) preceded cognitive decline and the
development of dementia syndromes [119]. A meta-analysis of twelve studies found that poor

gait performance, defined by underperformance on standardised tests of walking, predicted
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dementia with pooled Hazard Ratio (HR) of 1.53 for any dementia (p<0.001), 1.03 for AD
(p=0.004) and 1.79 for VD (p<0.001)[117]. Morris et al. (2016) considered specific gait
measures and reported that pace predicted decline in global cognition in seven out of nine
studies; only two studies assessed rhythm and their results are contradictory [118]. Gait may

change up to 12 years before the clinical presentation of cognitive changes in elderly who

later develop MCI [120].

Recently, the concept of Motoric Cognitive Risk syndrome (MCR) has been proposed. MCR
is defined as the presence of self-reported cognitive complaints (but no dementia) and slower
gait (one standard deviation below age- and sex-specific gait speed means). Older
participants who met the criteria for MCR had a higher risk of developing dementia and VD
with an adjusted HR of 3.27 and 12.81, respectively [121]. In a further study, including
26,802 adults from 17 countries, the pooled MCR prevalence was 9.7 % [122]. In the pooled
sample, MCR was associated with a 2-fold increased risk of developing incident cognitive
impairment (aHR 2.0, 95% CI 1.7-2.4) and dementia (aHR 1.9, 95% CI 1.5-2.3) in 4,812
participants with baseline MMSE scores >25, even after accounting for vascular disease and
baseline cognitive status. Importantly, MCR was a stronger predictor of cognitive outcomes
than its individual components of cognitive complaints or slow gait. In the validation study,
MCR did not predict the risk of AD in the whole sample, but did predict AD in more than

2,000 participants from two cohorts in this study [122].

Interventions based on the interrelationship between gait and cognition to prevent

mobility decline or cognitive impairment
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It is well known that physical activity protects against decline of mobility, and that mentally
stimulating activities are beneficial to cognition. However, based on the close relationship,
effective interventions may include enhancing cognition to prevent mobility decline or

physical activity programmes to delay the onset or progression of cognitive impairment [4].

o Physical activity
A large meta-analysis has demonstrated that physical activity is inversely associated with
dementia risk [123]. Exercise has been shown to improve cognitive functions such as
memory, processing speed, attention, and executive function in cognitively healthy adults, as
well as in people with MCI, although a significant proportion of studies included in two
reviews did not find any effect [124, 125], with the results in people with dementia being
even less consistent [125]. A recent meta-analysis however showed that aerobic exercise led
to an improvement in global cognition and memory in patients with MCI [126]. Interpreting
the results of these meta-analyses is difficult because of the significant heterogeneity between
the included studies. There was a great variability in the types of exercise used (including
aerobic exercise, strength or balance exercise), the program duration ranged from 6 weeks to
52 weeks, the intensity of exercise was operationalized in different ways (for example a heart
reserve of 60-80% or 30-40% of maximum heart rate), the duration of the sessions ranged
from 20-65 min, while the frequency ranged from once per week to five times per week [124,
126]. In addition there was a wide variety of cognitive measurement tools used, and diverse
interventions in the control group.
Larger and good quality clinical trials are needed to confirm these findings and to understand
whether the beneficial effects on cognition will translate to improved activities of daily living

[4, 13, 94].
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e Cognitive training
A few studies have evaluated the effectiveness of cognitive interventions, mainly based on
dual task training, in improving gait and balance in elderly or cognitively impaired patients.
Although the results are generally promising, suggesting that cognitive training can improve
gait and balance and lower dual task costs, they are limited by significant heterogeneity
between studies, relatively small sample sizes and the fact that they did not investigate the
risk of falls per se [94]. Also, most interventions included motor training in addition to the
cognitive training, making the separation of their relative contribution to the observed

improvement in gait difficult.

The neurobiological basis of the observed motor or cognitive improvement following
cognitive training or exercise programs is largely unknown. The interventions may have a
direct effect on the brain, by improving the quality of white matter or inducing neurogenesis
and brain plasticity, respectively. Neuroimaging provides evidence of experience- dependent
structural brain changes in the human brain regardless of age [127]. Indirect effects, related to
general improvement of cardiovascular risk status or non-specific effects on motivation and

emotion as a result of social engagement cannot be excluded.

e [Effect of anti-dementia drugs on gait
Cholinesterase inhibitors and Memantine are approved for symptomatic treatment of AD.
Correcting the cholinergic loss with cholinesterase inhibitors or enhancing the glutamatergic
and dopaminergic neurotransmission with Memantine may improve gait performance directly
or, alternatively, through improving cognition. A few small studies have evaluated their

effect on motor function. The results so far are inconclusive.
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A pilot study found that after treatment with Donepezil gait improved in six patients with AD
[128]. Further studies in AD reported improvement in gait velocity [129] and dual task
performance [130] but not in STV [129-131] after treatment with cholinesterase inhibitors.
Memantine-related decrease in STV was reported by two studies in mild-to-moderate AD,
with a total of 126 patients [131, 132]. However, a meta-analysis found that the decrease in
STV with anti-dementia drugs was not significant [133]. The small sample sizes and
methodological limitations, including non-randomised study design make the interpretation

of the results difficult.

e Non-invasive brain stimulation techniques
Non-invasive brain stimulation techniques, such as rTMS (repetitive transcranial magnetic
stimulation), also have a potential therapeutic utility in the treatment of cognitive and motor
deficits [134, 135]. rTMS is known to modulate cortical excitability and to induce long-
lasting neuroplastic changes that underlie cognitive and motor learning [134]. A therapeutic
effect can be obtained by increasing the excitability of damaged areas or by decreasing the
excitability of unaffected areas [136]. Research to date has focused mainly on the effects of
rTMS on motor symptoms in PD or after stroke, or its effects on cognitive measures in
patients with AD [134-136]. A meta-analysis of 7 studies found that rTMS stimulation has
significant therapeutic effect on cognition in patients with mild to moderate AD [134].
Considering that gait and cognitive impairment most likely share causes of pathology, it may
be speculated that rTMS represents a potential therapeutic tool to improve cognition by

treating motor symptoms or vice versa.

Conclusions

This review demonstrates that gait and global measures of cognition that lack sensitivity are

closely related, but our knowledge of their interrelationship is limited. Emerging evidence
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shows that gait analysis has the potential to contribute to diagnosis and prognosis of cognitive
impairment. The progress of our understanding is hindered by the lack of sensitive
quantitative gait assessment in clinical practice. To complicate matters further, the diagnosis
of cognitive impairment and dementia subtype, even when established criteria are used, is not
unequivocal. Many studies have used not very sensitive global measures of cognition, making
it likely that participants with milder cognitive deficits were included in the control group.
Furthermore, neuroimaging was not always used to support the diagnosis, allowing
subclinical cerebrovascular disease to compound the results. Increasing the availability of
user friendly gait assessment in clinical practice and improving the accuracy of dementia

diagnosis, for example by using biomarkers, will strengthen this area of research.

Shared pathological mechanisms and the relative contribution of cognitive impairment and
gait dysfunction to decline with ageing are critical areas. They directly address the degree to
which aging and neurodegeneration associated with cognitive or motor impairment are
overlapping phenomena and can be ameliorated by common means. Treating reversible
vascular risk factors early, for example, has the potential to prevent cognitive and mobility
decline. An integrated approach for evaluating these major geriatric syndromes, based on
their close relationship, will thus not only increase our understanding of cognitive-motor

interactions, but most importantly can be used for the development of new interventions.
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