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Abstract
In this article, we briefly summarize the incidence and significant consequences of falls among
older adults, the insufficient effectiveness of commonly used multifactorial interventions and the
evidence linking falls and cognitive function. Recent pharmacologic and nonpharmacologic
studies that evaluated the effects of cognitive therapy on fall risk are reviewed. The results of this
article illustrate the potential utility of multiple, diverse forms of cognitive therapy for reducing
fall risk. The article also indicates that large-scale, randomized controlled trials are warranted and
that additional research is needed to better understand the pathophysiologic mechanisms
underlying the interplay between human mobility, fall risk and cognitive function. Nonetheless,
we suggest that multimodality interventions that combine motor and cognitive therapy should,
eventually, be incorporated into clinical practice to enable older adults and patients to move safer
and with a reduced fall risk.
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Gait impairments and falls are ubiquitous among the general elderly population, especially
among patients with common neurological diseases [1–11]. Until recently, gait and balance

© 2011 Expert Reviews Ltd
†Author for correspondence: Laboratory for Gait Analysis &, Neurodynamics, Movement Disorders, Unit, Department of Neurology,
Tel Aviv Sourasky Medical Center, 6 Weizman Street, Tel-Aviv 64239, Israel, Fax: +972 369 749 11, jhausdor@tasmc.health.gov.il.
Financial & competing interests disclosure
This work was supported in part by the National Institute of Aging (AG14100) and the Israel Ministry of Health. The authors have no
other relevant affiliations or financial involvement with any organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript apart from those disclosed.
No writing assistance was utilized in the production of this manuscript.

NIH Public Access
Author Manuscript
Expert Rev Neurother. Author manuscript; available in PMC 2012 May 1.

Published in final edited form as:
Expert Rev Neurother. 2011 July ; 11(7): 1057–1075. doi:10.1586/ern.11.69.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were largely perceived as automated, biomechanical processes, and falls were viewed as a
failure of these motor mechanisms. Age-associated declines in several systems including
musculo-skeletal, cardiovascular, visual, vestibular and proprioception, coordination and
slowed postural responses were seen as the key to changes in gait and balance with aging
[5,8,10–13]. However, work over the past decade or so has underscored the connections
between balance, gait and falls, on the one hand, and cognitive function on the other hand
[5,14–26]. Here we briefly summarize the evidence linking cognitive and ‘motor’ function
and the growing body of literature that suggests that not only is there an association between
cognitive function, gait and falls, but that a cause and effect relationship may also exist.
Apparently cognitive deficits exacerbate and may even cause gait impairment and increase
fall risk, especially during more challenging situations. This background leads to the heart of
the article: a summary of the intriguing studies in this emerging area that demonstrates that
therapies designed to improve certain aspects of cognitive function may also enhance gait
and reduce the risk of falls. Finally, we discuss the limitations of the extant findings, future
directions and implications for clinical practice.

Background & significance: falls among older adults & patient populations
Approximately a third of community-living older adults fall at least once every year in
developed countries [1–3]. The incidence increases with age; falls occur in approximately
50% of community-living older adults aged 85 years or older [27]. Patients with
neurological disease, such as Parkinson’s disease (PD), multiple sclerosis, stroke or
Alzheimer’s disease (AD), experience falls more frequently. Reports suggest that 80% of
these patients experience at least one fall in a year and typically many experience multiple
falls [3,4,6,7]. Falls profoundly impact the health and quality of life of older people
[1,28,29]. Between 5 and 10% of falls result in serious injuries, such as head injuries or
fractures [1]. Even in the absence of a history of falling [30] or when there is no physical
injury after a fall, approximately a third of older adults develop a fear of falling that leads to
self-imposed restrictions in mobility, reduced activity, depression, social isolation and
subsequent increased fall risk [31–35]. It is not surprising, therefore, that falls and fall-
related injuries are a huge medical concern representing an enormous burden to individuals,
society and healthcare systems [36]. In 2008, nonfatal and fatal fall-related costs were
estimated at US$23.3 billion in the USA and US$1.6 billion just in the UK [37]. National
fall-related costs of prevalence-based studies are a dramatic 0.85–1.5% of total healthcare
expenditures [38,201].

Traditionally, programs designed to reduce the risk of falls have identified intrinsic and
extrinsic factors. Intrinsic factors include advanced age, chronic disease and potentially
modifiable factors, such as sensory decline, muscle weakness and impaired balance
[1,39,40]. Most falls occur during walking [31,41] and, not surprisingly, gait disturbances
have been associated with an increased risk of falls [2,42]. So-called extrinsic factors
generally include foot wear, environmental hazards and hazardous activities [1,40,43].
Given the multiple risk factors for falls, a multi-factorial assessment and intervention
targeting the identified risk factors has become the recommended approach to reduce the
rate of falling [39,40,44,45]. Components of these interventions include medical evaluation
and treatment, balance and gait training, exercise, home-hazard modifications [46–49],
building of balance confidence, appropriate care of poor vision and avoidance of the use of
medications that increase fall risk, particularly psycho-tropic medications and hip protectors
[27,40,50]. Some of the more successful single-mode (e.g., exercise) and multifactorial
interventions reduce the occurrence of falling by 25–39% [44,51,52]. However, there is a
wide range in reported effects on fall risk reduction [51,53]. In fact, some well-designed
large-scale, controlled studies, reported that multifactorial interventions reduced falling by
only 6% among community-dwelling older adults [52] or even had no significant benefit
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[54–59]. A number of factors may explain the range in the reported effectiveness of fall
prevention programs (e.g., content fails to ensure progression and intensity; inadequate
tailoring to target population; suboptimal uptake of the intervention; and insufficient
compliance) [51,52,54,60]. An additional factor may explain the inconsistencies in the
outcomes. While patients with dementia have often been excluded in fall prevention studies,
this still leaves a large range in cognitive abilities among study participants. As described
further later, we suggest that cognitive function is one factor that has not always received
sufficient attention in the design of intervention studies. The effects of intervention
programs on fall risk may be further improved if cognitive deficits, even among those that
do not reach the level of clinical impairment, are addressed.

A brief review of the evidence linking cognitive function to falls
Approximately 60% of older people with cognitive impairment fall annually, approximately
twofold more than that observed among cognitively intact peers [6,44,61]. Among patients
with dementia, fall frequency can even reach as high as 80% [62]. The high prevalence of
falls among patients with dementia, despite relatively intact motor function, highlights the
idea that falls are often not just a motor problem [63]. From a slightly different perspective,
several prospective studies have reported that subjects with ‘neurologic’ gait abnormalities
had an increased risk of developing dementia and cognitive decline, with gait alterations
predicting the development of dementia 6 to 10 years later (see, for example, Figure 1)
[9,64,65]. These prospective studies support the notion that gait and cognitive function are
connected, perhaps because they share common neural networks and/or because gait utilizes,
and hence relies on, certain aspects of cognitive function. Furthermore, it has been suggested
that gait changes may act as a biomarker for the future development of full-blown cognitive
decline [18].

In early studies, the relationship between falls and cognitive function was generally
examined using gross measures, such as the Mini Mental State Examination (MMSE) [66].
Often, the MMSE was used to screen out patients with cognitive impairment.
Epidemiological studies reported significant associations [1,27,39], while others found that
general measures of cognitive function (e.g., the MMSE) and long-term memory were not
related to fall risk [67–69]. Several studies reported that scores on the MMSE were similar
in older adult fallers and nonfallers, while fallers performed worse on specific common
domains, for example, executive function (EF) and attention [15,67,68,70–78].

Attention contributes to gait & fall risk
Attention, by some accounts a specific type of EF, is a dynamic function driven by sensory
perception and the need to select a preferred stimulus for a particular action while ignoring
the unnecessary and the irrelevant [79]. Attention can be classified into four separate
functions: selective, sustained, divided and alternating [80]. Selective attention enables the
filtering of stimulus information and suppression of distracters. Sustained attention refers to
the ability to maintain attention to a task over a period of time. Alternating attention refers to
rapid shifting of attention from one task to another and divided attention refers to the ability
to carry out more than one task at the same time – that is, dual tasking (DT) [18,80]. DT
paradigms have been widely used to investigate the effects of cognitive abilities on balance,
gait and fall risk [14,15]. If attentional resources are limited in capacity and if both gait and
a secondary task are attention demanding, performance of at least one of the tasks will
deteriorate when they are performed simultaneously [18]. Numerous studies have shown
that DT effects are larger among elderly fallers and patients with neurological disease, such
as stroke, AD or PD, compared with healthy older adults [15,18,68,69,81,82]. Since DT is a
common part of daily living activities that routinely elevates the risk of falls, these findings
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have important implications to fall risk and suggest, as described later, that interventions that
enhance DT abilities may reduce fall risk.

EF & fall risk
Executive function refers to a set of higher order cognitive processes that control, integrate,
organize and maintain other cognitive abilities [83]. EF can be divided into a number of
distinct subdomains. Task planning, problem solving, sensory integration, judgment and
reasoning are EF components that are intuitively related to safe navigation and mobility in
complex everyday environments [15,63,84]. EF also includes the ability to manipulate
attention. EF may decline with aging [85] and is further reduced in elderly fallers [67]. For
example, relatively healthy older adults who fell at least twice performed more poorly than
nonfallers on computerized tests of EF and attention, even while long-term memory was
similar in the fallers and nonfallers [67]. In addition, the awareness of self and one’s
surroundings apparently may modulate postural control, gait and fall risk [18,86–88].
Reinforcement of this idea comes from a study that found that community-dwelling fallers
(mean age: 79 ± 7 years) with poor working memory, a form of EF, overestimated their
reach capacity by 16% compared with only a 2% error among older fallers with good
working memory [89]. These results suggest that impaired EF may also increase fall risk by
altering older adults’ judgment during motor planning for daily activities, such as reaching
[89].

Mental flexibility, an important aspect of EF, was independently associated with fall-risk
mediators, such as stride length variability and postural instability (medio-lateral trunk
sway), while walking under DT circumstances in community-living elderly people (mean
age: 80.6 ± 4.0 years) [69]. Similar associations between EF and gait variability, a measure
of instability and fall risk [2,9,90], were also observed among older adult fallers, patients
with Parkinson’s disease, patients with cognitive impairment and frail older adults.
Generally, the association between EF and gait became tighter during DT, when there was
greater reliance on attentional resources [70,91–93]. Furthermore, worse EF scores at
baseline were associated with falls that occurred during a 2-year prospective follow-up
among healthy participants (mean age: 76 ± 4 years) who reported no falls in the year prior
to the study (Figure 2) [68].

These findings have implications for the safe performance of everyday activities that require
postural stability during ambulation. Older people with reduced EF walk slower, fall more
often and have poorer performance on complex mobility tasks [21,68,94,95]. Deficits in EF
probably diminish the ability to recruit compensatory mechanisms in response to age-
associated changes in gait and balance, contribute to disruptions of gait and balance [15],
and increase the risk of falls [68]. This may explain why EF measures are thought to be
good predictors of falls [68,70]. EF might be considered to be a general biomarker of brain
reserve or cognitive abilities and flexibility necessary to minimize fall frequency [68].
Moreover, the association between EF and falls suggests that improvement in the former
will carry over to reduce fall risk.

Information processing & reaction time: additional cognitive factors linked
to fall risk

In addition to EF and attention, other cognitive domains may also play a role in fall risk.
Lord et al. suggested a multifactorial model of the primary contributors to stability and fall
risk [96]. This model includes sensory–motor components (e.g., muscle strength, vision and
sensation), as well as reaction time. In psychometric psychology, reaction time is considered
to be an index of speed of information processing; generally, reaction times becomes longer
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with aging [97]. Several studies demonstrated that slow reactions – that is, increased
reaction times – were associated with an increased risk of falls [96,98–100]. Using a
neuropsychological test battery, Holtzer et al. built a cognitive index that reflects attention,
EF and the speed of information processing [75]. They found that this index was associated
with single and recurrent falls among older adults, while memory was not. Delbaere et al.
reported that performance on simple reaction time test was one of three most important
factors for identifying individuals at risk of falling [100]. Furthermore, Lajoie and Gallagher
reported that older people in nursing homes who tend to fall had a significantly slower
reaction time than those that did not fall [99]. A fall can be viewed as a loss of balance
followed by insufficient or late recovery. If reaction time is slowed, initiation of the postural
response will be delayed, decreasing the likelihood of successful recovery and increasing the
likelihood that a fall will take place.

Neuroimaging evidence linking cognitive function & gait
Additional support that links cognition, gait and fall risk derives from brain neuroimaging
findings. There is a fairly large amount of evidence linking white matter changes to postural
instability, gait disturbances and falls in older adults [101–106]. A prospective study
reported that increasing severity of ventricular enlargement or white matter hyperintensity
and brain infarcts were associated with a higher risk for functional impairment and greater
decline of gait speed [107]. Rosano et al. studied gait and its association with gray matter
volume in 220 older adults. None of the gait measures were associated with the cerebellum
or with regions related to memory or motor imagery domains. By contrast, shorter stride
length and longer support times during gait were associated with diminished sensorimotor
regions and with smaller fronto-parietal regions [106]. Furthermore, it appears that the
dorsal lateral prefrontal cortex, a brain network associated with EF and attention, was related
to specific gait features, further highlighting the relationships between prefrontal areas,
cognition and gait.

Somewhat different findings were seen in a pilot functional MRI (fMRI) study among 83
community-dwelling women without cognitive impairment [108]. Study participants
performed tasks that engaged selective attention and response inhibition during fMRI
scanning. Among all participants, regions showing increases in the hemodynamic response
included bilateral inferior and middle frontal gyri, anterior cingulate cortex, bilateral
precuneus and the right cerebellum. However, among fallers (n = 14), the posterior lobe of
the right cerebellum had a significantly lower hemodynamic response compared with
nonfallers. The authors suggest that this finding may reflect deficits in EF and spatial
navigation among fallers, both of which are integral to safe movement [108]. This is
consistent with other findings that suggest, somewhat surprisingly, that certain regions of the
cerebellum are related to EF and spatial navigation [109–111].

In an effort to sort out the relationship between memory, gait and fall risk, Zimmerman et al.
examined hippocampal volume and neurochemistry as predictors of gait function in 48 non-
demented older adults [112]. They found that increased stride length variability was
associated with lower levels of hippocampal neuronal metabolism, but not with hippocampal
volume. Conversely, decreased stride length was associated with smaller hippocampal
volumes, but not hippocampal neurochemistry. These findings indicate that distinct
neurobiological hippocampal substrates may support specific aspects of gait and fall risk in
older adults.

Bohnen et al. used PET imaging studies to test the hypothesis that gait control depends on
cholinergic system-mediated higher-level cortical and subcortical processing, including
pedunculo-pontine nucleus (PPN) function among patients with PD [113]. Cortical and
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thalamic acetylcholinesterase (AChE) hydrolysis rates were significantly lower in patients
with PD compared with healthy control subjects, and were significantly lower in the PD
fallers compared with the PD nonfallers. Interestingly, no significant differences were found
between PD fallers and PD non-fallers in dopaminergic nerve terminal density at the level of
the basal ganglia [113]. These findings support the idea that fall status among PD is related
to cholinergic hypofunction, perhaps representing changes in cholinergic output of the PPN.
This idea is consistent with reports that gait slowing may be related to cholinergic activity
[114] and that the PPN degeneration may be a major cause of impaired postural control and
gait dysfunction in PD. Indeed, Karachi et al. recently wrote that “cholinergic neurons of the
PPN play a central role in controlling gait and posture and represent a possible target for
pharmacological treatment of gait disorders in PD” [115]. Another possibility is that the
cholinergic changes reflect more general cognitive deficits and are not necessarily PPN-
mediated; serum levels of cholinergic activity have also been related to reaction times and
cognitive slowing [114,116].

Cognitive interventions for balance, gait & fall risk
If cognitive deficits are in the causal pathway and they exacerbate the risk of falls or prevent
appropriate compensatory mechanisms, one would anticipate that improvement of cognitive
abilities, at least certain aspects, would improve gait and reduce the risk of falls, especially
in more challenging conditions that rely on EF. The studies that have explicitly examined
this possibility are summarized in the following sections. We note from the onset that only a
few studies have directly assessed the effects on fall risk per se. Thus, in our review of this
emerging field, we also include investigations that examined the effects of cognitive
interventions on gait and balance, recognized mediators of fall risk, as well as the few
investigations that more directly evaluated the effects on falls.

Cognitive pharmacotherapy
Studies that examined the possible effects of medications that augment cognitive function
and gait and fall risk are summarized in Table 1. Methylphenidate (MPH), derived from
amphetamine, and other drugs designed to enhance attention and EF are a natural target,
given the importance of attention in DT. The effects of a single dose of 20 mg of MPH was
studied in 21 patients with idiopathic PD [117]. In response to MPH, neuropsychological
testing found no change in memory, while EF scores improved. At the same time, Timed Up
and Go performance, gait speed and stride time variability all improved in response to MPH
[117]. Consistent with this, 3 months of relatively high doses of MPH improved
performance on the Stand–Walk–Sit test and the Tinetti Scale in an open-label study among
17 patients with advanced PD [118]. Similarly, a study among community-living older
adults who complained of memory problems reported on the effects of a single dose of 20-
mg MPH on markers of fall risk. Subjects were evaluated before and 2 h after taking MPH
or a placebo. As illustrated in Figure 3, MPH significantly improved gait measures and EF
(e.g., Go–NoGo accuracy), but did not affect memory or finger-tapping performance. These
improvements were not observed after treatment with the placebo [119]. While alternative
mechanisms may have caused the observed changes in motor function in response to the
drug, one possibility is that MPH enhanced attention and this, in turn, improved gait
[117,119,120].

Amantadine, typically used as an antiparkinsonian medication, is believed to enhance the
release of endogenous brain dopamine. In a study among patients with a frontal gait disorder
due to subcortical vascular encephalopathy (SVE) [121], 40 patients with SVE were given a
daily dose of amantadine or placebo in addition to physical therapy. In response to
amantadine, several measures of gait quality improved (e.g., single support time and
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variability). These findings suggest that amantadine may enhance gait steadiness in patients
with a frontal gait disorder.

Acetylcholinesterase (AChE) inhibitors are widely used to treat cognitive impairment
among patients with Alzheimer’s dementia. Several studies have assessed the effects of
AChE inhibitors on gait and fall risk. The rationale is supported by the intriguing imaging
study noted previously that described cortical cholinesterase deficits in PD fallers, compared
with PD nonfallers [113], and by the general cognitive-enhancing properties of these drugs.
The effects of donepezil, a cognitive-enhancing drug that works via cholinergic
manipulation, was studied in a small, pilot study [122]. Gait was assessed over 4 months of
treatment with donepezil among six individuals with AD and eight subjects with mild
cognitive impairment (MCI) who received no treatment. No improvements in gait speed
were seen in the control subjects. By contrast, the participants with AD who were taking
donepezil improved their gait after 1 month under both single and DT walking conditions
(Figure 4a). These increases in gait speed were sustained and continued to improve after 4
months.

Further reinforcement for the idea that cognitive-enhancing treatment reduces the risk of
falls comes from a randomized, crossover, double-blind study with donepezil [123]. A total
of 23 subjects with PD who reported falling or nearly falling (more than two times per
week) were given donepezil or placebo and then crossed to receive placebo or donepezil. As
illustrated in Figure 5, fall frequency was 0.25 ± 0.08 per day when patients were receiving
placebo, while on donepezil, fall frequency was almost 50% lower – that is, 0.13 ± 0.03 per
day (p < 0.05). The results of this trial need replication on a larger scale [123,124]; however,
these findings provide important support for the idea that cortical cholinergic augmentation
may reduce the risk of falls.

An open controlled trial with galantamine, another AChE inhibitor, at a maximum dose of
16 mg/day, included 41 patients with PD with dementia, randomized to a galantamine group
(21 patients) or a control group (20 patients). Cognitive, neuro-psychiatric and motor
symptoms were assessed clinically before the trial and at 4, 12 and 24 weeks. Patients
treated with galantamine had better cognitive scores compared with the control group. In
addition, significant improvements in gait, freezing of gait and falls (as derived from the
Unified Parkinson’s Disease Rating Scale scores) were seen in the galantamine treatment
group [125]. Similarly, after 24 weeks on galantamine, the dual-task effects on stride time
tended to become smaller (better) in a pilot study among patients with mild-to-moderate AD
[126]. These findings are consistent with the idea that central cholinergic stimulation via
AChE inhibitors can improve gait quality and stability, and thereby reduce fall risk.

Recent studies, both cross-sectional and prospective, have demonstrated the potential of
vitamin D to reduce fall risk [52,127–129]. Intuitively, vitamin D acts as mediator of fall
risk because it modifies muscle strength, power and bone quality. However, several
investigations have shown that vitamin D may also ameliorate fall risk by way of its effect
on cognitive function [130,131]. Nonetheless, many questions remain about the role of
vitamin D in fall risk and how and if it should be used clinically [132,133]. Future studies
are needed to investigate the specific pathways that mediate between vitamin D
supplementation and a reduced fall risk, to identify the specific cognitive function
subdomains that respond to vitamin D, and to evaluate how vitamin D supplementation may
be combined with other forms of cognitive and motor therapy to achieve optimal benefits.

Cognitive training
There is good evidence that cognitive training interventions can improve cognitive function
in older adults, at least in certain cohorts [134–136]. The Advanced Cognitive Training for
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Independent and Vital Elderly (ACTIVE) study was the first multicenter, randomized
controlled trial (RCT) to examine the long-term outcomes of cognitive interventions on the
daily functioning of older individuals living independently [134]. Subjects in the training
groups received ten sessions of training focusing on different aspects of cognitive function.
Each intervention improved the targeted cognitive ability and the results were retained for 2
years after the termination of the study (p < 0.001 for all) [134]. After 5 years, training gains
persisted and reasoning training resulted in less functional decline in self-reported
independent instrumental activities of daily living [135]. This intriguing finding supports the
idea that specific cognitive training can have functional benefits. Table 2 describes and
summarizes studies that specifically evaluate the effects of different forms of cognitive
training on gait and fall risk. In general, these investigations demonstrate a transfer of
training effects to physical outcomes related to mobility and fall risk. Although these studies
are generally preliminary in nature, with a relatively small number of participants, they
support the idea that cognitive training can improve postural control and gait, lower DT
costs and perhaps even reduce the risk of falls.

The effects of a dual-task cognitive-gait intervention (CGI) on working memory and gait
were examined in 16 older adults with a history of falls [137]. The study demonstrated that
the DT CGI was effective in improving working memory performance under the DT
condition, but did not show significant changes in gait speed or stability [137]. The effect of
the intervention on falls was not studied.

Silsupadol et al. studied 21 older adults with balance and gait impairment [138,139].
Participants were randomly assigned to one of three interventions: single-task (active
control), fixed-prioritization DT training and DT training with variable-prioritization.
Improvements in balance and gait speed were found in all groups after training (Figure 4b).
However, when a cognitive, dual task was added during testing, only participants who
received DT training exhibited significant improvements in gait speed (p < 0.001).
Furthermore, the group that trained with variable-priority instructions demonstrated a DT
training effect that was retained at the 12-week follow-up assessment. The authors
concluded that training balance under single-task conditions may not generalize to balance
control during DT contexts. They further suggest that a task-specific gait training program
that specifically focuses on DT reduces the negative effects of DT while walking and that
variable prioritization apparently has added benefits compared with fixed prioritization
[138]. Another study among 36 healthy older adults compared the effects of strength and
balance training while performing cognitive tasks to strength and balance training only
[140]. There were no significant group differences in the effects of the training on the motor
measures. However, performance on the Stroop task during standing was significantly better
after training in the experimental group than in the control group (p = 0.04), suggesting that
dual-task balance training in older adults improves dual-task performance while maintaining
balance [140]. Similar findings were observed in studies with post-stroke individuals [141]
and patients with PD [142,143], suggesting that even among patients with neurodegenerative
disease, intensive and repetitive practicing of DT while walking can lower dual-task costs.

Perhaps the most striking example of the effects of DT training was observed in a RCT
study in 49 patients with mild-to-moderate dementia [144]. DT-specific training
significantly improved DT performance under complex gait conditions (e.g., serial 3
subtractions) compared with the controls, but not under the less challenging DT conditions
[144]. While this RCT does suffer from some important limitations, it provides “the first
Class II evidence that dual-task training improves walking under complex conditions in
patients with mild-to-moderate dementia” [145].
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In contrast to the studies where DT costs were targeted by practicing DT walking, two
investigations examined the effects of cognitive training in the form of computer games that
subjects ‘played’ while sitting in front of a computer. Li et al. examined the effects of a
computerized cognitive training program designed to enhance DT abilities in 20 healthy
older adults [146]. All participants were tested on cognitive function, balance and mobility
under single and DT conditions. The training group demonstrated benefits in double-support
postural control (i.e., sway) (Figure 6), especially in single-support standing balance,
whereas the control group showed no specific improvements. These results demonstrate
training-related benefits to gross motor performance that stem from a cognitive training
protocol [146].

Another demonstration of transfer from a computerized cognitive remediation program to a
functional, untrained task such as mobility was shown in a pilot RCT among sedentary
seniors [147]. Older adults were randomly assigned to an 8-week computerized ‘Mindfit’
program, designed to improve EF and working memory or wait-list control group. The ten
participants who completed the cognitive remediation program demonstrated improved gait
speed compared with baseline during normal walking and during DT (Figure 4C). All ten
participants in the intervention group improved on DT walking, compared with only three
controls [147]. This study illustrates how a cognitive training program that is designed to
improve EF and attention may enhance both usual and DT walking.

Finally, another approach is exemplified by the work by Mirelman et al. [148]. They
suggested using a program of treadmill training (TT) augmented with virtual reality (TT +
VR) in patients with PD. The study aimed to promote the development of new motor and
cognitive strategies for obstacle navigation and to implicitly teach the participants to walk
while DT (e.g., planning and stepping over virtual obstacles). After 6 weeks of TT + VR,
gait speed significantly improved in usual and DT walking conditions with significant
improvements also observed in stride length and stride time in usual and DT gait conditions,
as well as during over-ground obstacle negotiation. In addition, DT gait variability
decreased (improved) and Trail Making Test times (parts A and B) also improved. After
training, a significant association was found between the change in the Trail Making Test
(parts A and B), a measure representing EF, and gait speed during DT and obstacle
negotiation conditions. Comparison with a previous study of TT without virtual reality [149]
showed that the virtual reality training provided added value for DT training beyond that
observed with a treadmill intervention alone (Figure 4D) [148].

Expert commentary
Despite the now well-recognized relationship between cognitive function, gait and falls
[14,15,18,19,22,65,67–69,71–75,84,89,92,150], there are still prevention interventions and
guidelines that do not explicitly address the cognitive component of falls [54,56,59,151–
155]. Tables 1 & 2 summarize promising results of the effects of cognitive therapy on gait
and fall risk. This article should help to heighten the awareness of the essential role of
cognitive function and the possibility of using cognitive therapy to reduce fall risk among
older adults. At the same time, this article should motivate researchers to initiate the
additional studies that are needed to consolidate this concept and enable transfer to clinical
practice.

This article summarizes the emerging evidence that indicates that cognitive interventions
have effects that carry over from the cognitive to the physical domain to enhance gait,
reduce DT costs and may reduce fall frequency. The cognitive remediation study in which
sedentary seniors played ‘computer games’ that improved usual-walking and DT gait speed
[147] clearly illustrates the potential of cognitive therapy. The cross-over study of the effects
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of donepezil on fall frequency in patients with PD [123] and the RCT investigation of DT
training in patients with dementia [144] are perhaps two of the more compelling studies.
While the findings of the current literature are preliminary and do not yet reach the level of
Class IA evidence – indeed, many of the studies have limited power owing to small sample
sizes – the accumulating evidence is starting to substantiate the potential of cognitive
therapy to reduce fall risk (see Figure 4).

For many years, fall risk has been associated with medication burden. Since more
medications meant an increased risk of falls, geriatricians and other clinicians were
encouraged to reduce the number of medications to lower fall risk [39]. Certainly, there is
good evidence and rationale for this advice. Nonetheless, the initial studies of
pharmacologic therapy for fall risk suggest that this negative view of all drugs needs to be
reconsidered in the light of the putative positive effects of certain cognitive-enhancing
medications. More recent recommendations [40,156] that advocate a review of only specific
drug categories (e.g., psychoactive agents), rather than targeting the total number of
medications, is more in line with the potential benefits of certain drugs on fall risk.

Questions regarding optimal dosing, form and content of delivery, retention, transfer and
booster effects, availability of some of the drugs, and cost–effectiveness have not yet been
fully addressed. In addition, several different – perhaps complementary, perhaps
contradictory – theories have been proposed to explain the precise link between cognitive
function and fall risk and the putative mode of action of cognitive therapy [18]. One
possibility, as Liu-Ambrose et al. suggested, is that judgment in the planning stages of motor
daily activities is impaired among older adults and this, in turn, leads to instability [89].
Judgment may also play an important role in the assessment, planning, response to a given
situation and choice of the gait pattern (e.g., fast or cautious); however, only a few studies
have looked into this issue [63]. Indeed, Delbaere et al. suggest that fear of falls and fall risk
as assessed using performance-based measures of function were both independent predictors
of future falls and should be included as part of a fall risk assessment to allow tailoring of
interventions for preventing falls in elderly people [157]. Additional work is needed to
further assess the importance of hazard perception and the potential of cognitive and/or
behavioral therapy to improve this cognitive property and its role in fall risk.

Another plausible explanation is that reduced EF causes less effective compensation for age-
or disease-associated changes in gait and balance, which in turn leads to an increased risk of
falls [15,68]. In other words, what distinguishes an older adult who falls from one who does
not is, in part, the ability to effectively compensate for deteriorated functions secondary to
aging or disease. For example, compensatory abilities may enable an older adult to avoid a
high-risk situation or to take appropriate steps to minimize risk [63].

During dual- or multi-task situations, the attention demand increases and the ability to divide
attention may become critical [70,94,95,143]. Cognitive therapies improve divided attention
abilities during walking, while some also apparently have the potential to augment usual-
walking, restoring a degree of automaticity (see Tables 1 & 2). Nonetheless, further work is
needed to determine the exact mechanism of action of cognitive training and other possible
‘cognitive-enhancing’ modalities on the cognitive and motor aspects of gait. This has
ramifications for the understanding of pathophysiology and has important potential clinical
implications. The combination of drug therapy with cognitive and/or behavioral therapy is
another unexplored area of research that should be examined given the possibility of
superiority of combining the modalities over each therapeutic mode of intervention alone.
To move the field forward, additional work is needed to better understand the underlying
pathology and more fully identify the mechanism(s) of actions of the different approaches,
possibly by combining advanced neuroimaging with behavioral and biomechanical methods
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and advanced online neuropsychological and motor evaluations of brain function. Multiple
neural networks and pathways (e.g., cholinergic and dopaminergic) and cognitive functions
(e.g., EF, DT, obstacle negotiation and judgment) may connect cortical function to fall risk.
Precise teasing out of these relationships will inform the design, evaluation and optimization
of multimodality intervention programs for safer mobility and lower fall risk.

Five-year view
As the world’s population ages [158], the need to refine, promote and implement effective
fall risk interventions for populations with differing characteristics and risk factors increases
[36]. A key challenge for the future is to increase the awareness of the general public and the
medical community to the importance of multifactorial fall prevention interventions to also
include an emphasis on cognitive function. We suggest that this will improve the efficacy of
these interventions and will add another dimension that will empower transfer of gains into
everyday function. At this stage, one can only speculate about the overall effects that such
an approach would have on cognitive decline, mobility impairment and functional decline
among the elderly. Still, when thinking about the costs, cost–effectiveness and tradeoffs of a
multimodality interventional program for fall risk, the potential impact on cognitive function
itself should not be overlooked. In this regard, the bidirectional nature of the interaction
between the training of cognitive and motor function should also be kept in mind. Although
questions remain about the effects of physical activity and exercise on cognitive function
[159], there is evidence suggesting that cognitive therapy may improve motor function and
that the reverse may also be true (compare and contrast Figure 1 and Figure 2) [160,161].
Thus, the potential impact of a cognitive intervention in aging populations may be profound.

The work to date is promising, but largely preliminary and limited by small sample sizes.
Tables 1 & 2 illustrate the potential of multiple, diverse forms of cognitive therapy.
However, before such an approach can become part and parcel of evidence-based medicine
and clinical practice, a number of issues must be resolved. Large-scale RCTs that examine
the short- and long-term effects in various cohorts are needed. The implications and findings
of many cross-sectional and pilot studies often could not be substantiated when they were
translated into larger, prospective studies. Perhaps because of the multifactorial nature of fall
risk, the cognitive and motor heterogeneity of study populations, and the difficulties in
duplicating specifics of intervention content, even previously successful multifactorial RCT
studies were not always successfully reproduced [54,60]. We anticipate that large-scale trials
will, in the coming years, provide the necessary evidence to validate the clinical
effectiveness of various forms of cognitive therapy for reducing fall risk. The study
proposed by Montero-Odasso et al. is likely to be one example of RCT investigations that
address this issue [162].

One size generally does not fit all. Thus, in the future, it may be helpful to tailor the
cognitive therapy by defining subgroups (e.g., nonamnestic MCI) with specific cognitive,
motor and personality profiles, perhaps according to comorbidity and medication load. For
example, Anstey et al. suggest that “occasional falls in late life may be associated with
subtle age-related changes in the prefrontal cortex leading to failures of executive control,
whereas recurrent falling may result from more advanced brain aging that is associated with
generalized cognitive decline” [163]. If an array of cognitive therapies are shown to be
effective, the clinician or therapist will be able to optimize the match between the patient
characteristics and therapy. For example, findings by Silsupadol et al. suggest that variable-
prioritization DT training and fixed-prioritization training (e.g., giving equal weighting to
the cognitive and motor task) are both effective, while the former apparently conveys
additional long-term benefits among older adults with balance impairment [138].
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One problem facing the clinical and investigational linkage between cognition, gait and falls
is the neuropsychological measures and terminology used. The sensitivity of outcome
measures varies widely and the nomenclature and definitions in the extant literature are not
always clear [1,27,123,164]. For example, traditionally, attention refers to selective attention
[80] and response inhibition [165], but it has also been viewed as a type of EF or an
independent domain [166]. Similarly, working memory has been considered to be a part of
short-term memory [165], but is also included as a measure of EF [166]. There is a need to
develop a more refined vocabulary and start to carefully peel apart the attention–EF domain
in order to further delineate and clarify the multiple associations with gait and fall risk.
Perhaps such measures can provide researchers with more sensitive markers of fall risk that
could potentially lead to the design of more effective multifactorial interventions that
include both motor and specific cognitive aspects.

It is also important to develop a simple clinical screening tool for risk assessment that can be
used in clinical practice to identify subjects who are most likely to benefit from a cognitive
intervention. A small study (n = 30) did not find added value of conducting the Timed Up
and Go test under DT conditions [167]. A larger study among 187 older adults living in
senior housing facilities also failed to demonstrate any added value of testing gait under DT
conditions [168]. Nonetheless, there is a fair amount of evidence suggesting that DT walking
tests can be used in clinical settings to improve fall risk identification [68,167,169–171] and
two recent reviews both concluded that DT tasks are apparently valuable for assessing fall
risk [172,173]. Still, further work is needed to develop and validate an easy-to-use, quick,
reliable and accurate test for identifying and evaluating the cognitive component of mobility
and fall risk.

In healthy young adults, a variety of cognitive-enhancing options are increasingly becoming
available. The positive effects of physical activity on cognitive function have long been
recognized [174] and other options are gaining attention. A recent editorial even went so far
as to discuss the ethical dilemmas that arise from the use of transmagnetic stimulation
(TMS) for enhancing different aspects of cognitive function in healthy adults [175]. Among
older adults, TMS has largely been used for the relief of depressive symptoms. It is,
nonetheless, interesting to speculate about the possibility of using TMS and perhaps
developing programs for deep brain stimulation to improve EF, attention, alertness (perhaps
via the PPN) and cognition to decrease fall risk. As new options for improving cognitive
function in young adults become available, it will be important to evaluate their potential
utility in aging populations.

A key principle underlying many of the investigations that proposed using cognitive therapy
is that the benefits of the cognitive intervention transfer to the motor domain. While this is a
bit of a oversimplification since gait is no longer viewed simply as a motor task
[14,15,18,21], it is still worthy of consideration. In this regard, it is important to account for
the somewhat disappointing findings of Owen et al. [176]. They studied 11,430 adults who
participated in a 6-week online cognitive training program designed to improve reasoning,
memory, planning, visuospatial skills and attention. Encouragingly, improvements were
observed in every one of the cognitive tasks that were trained. However, no evidence was
found for transfer effects to untrained tasks, even when those tasks were cognitively closely
related. In contrast to the findings of Owen et al., recall that the 5-year results of the
relatively large, prospective ACTIVE study showed that certain types of computerized
cognitive training produce effects that transfer to functional activities of daily living in older
adults [135]. Thus, when considering how cognitive therapy affects and transfers to mobility
and fall risk, we need to make sense of these apparently contradictory results, recognize the
limits of the specificity of training and more fully understand what, when and why cognitive
training benefits transfer to other cognitive and motor domains.
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Many unanswered questions need to be addressed. We recognize the possibility that a single
cognitive intervention might be sufficient if it targets the key to fall risk, but suggest that
multifactorial interventions that ameliorate motor, cognitive and possibly behavioral and
educational domains may be the optimal approach to maximize efficacy. Work in the
coming years will probably provide evidence that such interventions are efficacious,
practical and cost effective and that they should be integrated into the standard of care to
promote successful, independent and thriving aging in society, as well as more optimal care
of patients with neurodegenerative disease.
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Key issues

• There are many cross-sectional and prospective observation studies that link
cognitive function, especially attention, working memory and executive
function, to gait and fall risk. Other cognitive abilities (e.g., hazard estimation
and planning) may also connection between falls and cognitive function.

• General measures of cognitive function, such as Mini Mental State Examination,
are often not closely related to falls community-dwelling healthy seniors.

• The varied and sometimes suboptimal results of multifactorial interventions for
fall risk may be improved upon by taking into account cognitive function, both
with respect to assessment and intervention.

• Although strong randomized controlled trial-based evidence is currently lacking,
the results of multiple studies support the idea that cognitive interventions are
useful for enhancing gait and reducing fall risk.

• Pharmacologic and nonpharmacologic therapies may be effective at augmenting
cognitive function and reducing the risk of falls. The advantages and
disadvantages of the different approaches need to be carefully weighed.

• Certain cognitive therapies apparently only improve gait under complex walking
conditions, such as dual tasking, while enhance usual-walking.

• There are reasons to suggest that the optimal approach to fall risk should target
cognitive, behavioral and motor function, perhaps with task-specific training.
Although a few small studies provide evidence of this intuitive solution,
questions about dosing, delivery and efficacy remain.
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Figure 1. Kaplan–Meier curves for the cumulative risk of dementia, comparing older adults with
and without gait alterations at baseline
Those with gait alterations at baseline were much more likely to develop vascular dementia,
as much as 6 years later. These findings highlight the connection between gait and cognitive
function. One possible explanation is that these attributes of gait rely on, and are therefore
sensitive to, subtle changes in executive function; these changes are precursors of the
development of cognitive decline and dementia. Dotted lines represent the 95% CIs.
Adapted with permission from [65].
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Figure 2. Survival curves illustrating the percentage of participants who did not fall (the y-axes)
as a function of time after the baseline testing and (A) executive function or (B) dual tasking gait
variability
Participants with worse EF (lowest quartile) or relatively increased DT gait variability were
more likely to become fallers and recurrent fallers (not shown) sooner than those with better
EF (highest quartile) or DT gait (highest quartile).
DT: Dual tasking; EF: Executive function.
Adapted from [68].
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Figure 3. Effects of methylphenidate or placebo on cognition and gait in older adults
(A) Effects of a single dose of 20 mg of M or placebo on cognitive function (% correct or
accuracy), (B) stride time variability and (C) TUG times in older adults. There was small
time variability and TUG performance in response to MPH, but not in response but to
placebo.
MPH: Methylphenidate; NS: Not significant; TUG: Timed Up and Go.
Data from [119].
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Figure 4. Examples of the effects of four different forms of cognitive therapy on usual-walking
gait speed and dual-tasking gait speed
Values shown are change with respect to baseline. Note that 5 cm/s and 10 cm/s have been
identified as the MCD and substantial difference [177]. (A) Effects of 4 months of donepezil
use on gait speed in patients with Alzheimer’s disease and compared with control patients
with mild cognitive impairment. Data from [122]. (B) Effects of dual-task training during
walking on gait speed in older adults with balance impairment, compared with subjects who
only practiced walking. Data from [138]. (C) Effects of 8 weeks of computerized cognitive
training (while seated) in sedentary older adults, compared with wait list controls. Data from
[147]. (D) Effects of 6 weeks of TT augmented with VR among patients with PD, compared
with an active control comparison of 6 weeks of TT alone. Usual-walking gait speed
increased in both the TT alone and TT + VR groups; however, DT gait speed only improved
who participated in TT + VR. Data from [148].
AD: Alzheimer’s disease; DT: Dual tasking; MCD: Minimal clinically significant
difference; MCI: Mild cognitive Parkinson’s impairment; disease; TT: Treadmill training;
VR: Virtual reality.
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Figure 5. Mean fall frequency was almost 50% lower during the 6-week period when subjects
with Parkinson’s disease were taking donepezil, compared with the 6-week period when they
were taking placebo
Note that those subjects who had relatively high fall frequencies on placebo seemed to be
most responsive to donepezil.
Data from [123].
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Figure 6. Effects of five sessions of computerized dual-task training, while seated, on postural
control in older adults
Sway magnitude during dual tasking was reduced (better) after training, while there was no
effect in the controls.
Adapted with permission from [146].
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