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Abstract: Gait disorders are more prevalent in dementia than in normal aging and are related
to the severity of cognitive decline. Dementia-related gait changes (DRGC) mainly include
decrease in walking speed provoked by a decrease in stride length and an increase in support
phase. More recently, dual-task related changes in gait were found in Alzheimer’s disease
(AD) and non-Alzheimer dementia, even at an early stage. An increase in stride-to-stride
variability while usual walking and dual-tasking has been shown to be more speciﬁc and
sensitive than any change in mean value in subjects with dementia. Those data show that
DRGC are not only associated to motor disorders but also to problem with central processing of information and highlight that dysfunction of temporal and frontal lobe may in part
explain gait impairment among demented subjects. Gait assessment, and more particularly
dual-task analysis, is therefore crucial in early diagnosis of dementia and/or related syndromes
in the elderly. Moreover, dual-task disturbances could be a speciﬁc marker of falling at a
pre-dementia stage.
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The main clinical hallmark of dementia is cognitive decline (Waldemar et al
2007). Although not as prominent, motor disorders are commonly described in
later stages of dementia (Camicioli et al 1998; Marquis et al 2002; Sheridan et al
2003; Scarmeas et al 2005; Waite et al 2005) and include gait apraxia, bradykinesia, extrapyramidal rigidity, resting tremor and various gait disorders such as
cautious gait or gait slowing (Camicioli et al 1998; Goldman et al 1999; Marquis
et al 2002; Sheridan et al 2003; Scarmeas et al 2005; Waite et al 2005; Waldemar
et al 2007). Recently, a few studies have shown that motor disorders, and speciﬁcally gait disorders, may be present at an early stage of dementia (Camicioli
et al 1998; Verghese et al 2002, 2007a; Scarmeas et al 2005; Waite et al 2005).
There is an increased interest in the study of these dementia-related gait changes
(DRGC) since they could be used to improve early diagnosis and better understand
risk of falling in subjects with dementia or even at a pre-dementia stage (Morgan
et al 2007).
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The literature was searched using Medline database. General inclusion criteria included
meta-analysis, randomized controlled trial, controlled clinical trial, guideline and
review articles published in English in peer-reviewed priority journals. Keywords
used in PubMed were the following: Aged; AND aged, 80 over; AND Gait disorders;
AND Dementia. For completeness, additional key trials known to the authors that did
not meet the initial search criteria were included.
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A total of 40 papers met the criteria (116 were identiﬁed
by PubMed, but 76 did not correspond to the topic of the
paper), 23 additional papers already known by the authors
were also reviewed.

Gait changes in demented subjects:
Evidence for a relationship
Dementia and gait disorders represent a major public health
issue because of their high prevalence, their related adverse
outcomes leading to loss of autonomy and independence,
and their high costs for public health and social services
(Alexander 1996; Allan et al 2005; Burn et al 2006). It has
been shown that demented older adults present with greater
gait impairments than those expected as a result of the normal aging process (Alexander 1996; Allan et al 2005; Burn
et al 2006; Scherder et al 2007). Different DRGC have been
described, mostly when comparing subjects with Alzheimer’s
disease (AD) versus healthy control subjects. The walking
speed decreases in AD and further parallels severity of the
disease (Van Iersel et al 2004, 2007; Morgan et al 2007;
Scherder et al 2007). This change in velocity has been related
to a decrease in stride length and an increase in support time
(Van Iersel et al 2004). Furthermore, subjects with vascular
dementia (VaD) and dementia with Lewy bodies (DLB)
walked more slowly and presented a reduced step length than
AD subjects (Allan et al 2005; Merory at al 2007). DRGC
are not speciﬁc to any type of dementia as similar changes in
gait pattern have been reported with advanced age (Alexander
1996; Scherder et al 2007).
The origins of DRGC are not only associated to classic
motor disorders in the basal ganglia, cerebellum and primary
motor areas, but also to central misprocessing of information
that is required to maintain gait safety and that include attention and executive functions (Goldman et al 1999; Sheridan
et al 2003; Beauchet et al 2006). Most studies exploring
DRGC have focused on mean values of stride parameters
(Alexander 1996; Van Iersel et al 2004). Recently, an
increase in stride-to-stride variability while usual walking
and dual-tasking has been shown to be more speciﬁc than any
change in mean value in patients with dementia (Sheridan
et al 2003; Hausdorff 2004; Beauchet et al 2005a; Webster
et al 2006; Allali et al 2007; Verghese et al 2007b). This
stride-to-stride variability is a ﬁne marker of gait control
and, thus, highlights that gait should not be considered as a
simple automatic motor behavior, but as a rather complex
and higher level of cognitive functioning (Hausdorff 2004;
Beauchet et al 2005a; Allali et al 2007). Exploring strideto-stride variability in demented subjects represents a new
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way to access gait disorders related to higher levels of gait
control impairment.

Early diagnosis of dementia: Gait
analysis as a new method of expertise?
Whatever its etiology, treatments of dementia do not
cure the disease, although its evolution may be slowed
down (Garcia et al 2007). Available treatments such as
acetylcholinesterase inhibitors (AchEIns) or memantine
are efﬁcient on cognitive symptoms and on global evolution for a limited period of time (Birks 2006; Garcia et al
2007), and their efﬁciency depends on early administration
(Birks 2006).
Alzheimer’s disease is the main cause of dementia (Ferri
et al 2005; Rimmer et al 2005; Small et al 2007). Although
operational criteria do exist, it has been shown that within
subjects with AD-related cognitive decline only 50% are
diagnosed with the disease, and only 30% at an early stage
(Ferri et al 2005; Rimmer et al 2005). This may principally
be explained by unclear boundaries between early dementia
syndrome and normal aging. Neuropsychological deﬁcits
including memory, attention and executive functions are
frequently affected ﬁrst (Ferri et al 2005; Rimmer et al
2005; Small et al 2007), but heavily rely on psychometrics,
which are time consuming and lack speciﬁcity in terms of
predicting the occurrence of dementia syndrome. If deﬁning
pathological cognitive aging seems quite straightforward
in the presence of dementia according to DMS-IV criteria,
it becomes much more complex for intermediate cognitive
impairment such as age-related cognitive decline (Ferri et al
2005) or mild cognitive impairment (MCI) as risk factors
for AD (Rimmer et al 2005; Di Carlo et al 2007; Visser and
Verhey 2007) but these are not speciﬁc to cognitive aging
and hence cannot be used for early diagnosis (Rimmer
et al 2005).
The question is then to determine whether the speciﬁcity
of cognitive expertise in the early diagnosis of AD may be
improved. Over the past ten years, a few studies demonstrated
that cortical gait control impairment and certain motor deﬁcits were one of the early signs of AD and non-Alzheimer
dementia (Camicioli et al 1998; Scarmeas et al 2005; Waite
et al 2005; Verghese et al 2007a). Rhythmic motor tasks
such as “ﬁnger tapping” and walking were performed more
slowly in subjects developing cognitive decline than in those
with no cognitive impairment whereas a one-second increase
compared with the mean score of healthy subjects was associated with a risk of cognitive decline increased by a factor
of 1.26 (OR = 1.26; IC = 1.01–1.60) (Camicioli et al 1998).

Neuropsychiatric Disease and Treatment 2008:4(1)

Gait and dementia

In the same study, a motor coordination impairment, ie, the
capacity to alternately repeat movements of the lower limbs,
was associated with a high risk of developing cognitive
decline (OR = 6.10; IC = 1.40–26.30). In a longitudinal cohort
of 630 community-dwelling participants aged 75 or over at
recruitment, subjects with cognitive impairment associated
with gait and motor slowing were the most likely to develop
dementia (OR 5.6; 95% CI 2.5–12.6) (Waite et al 2005).
Recently, Verghese and colleagues (2007a) presented similar
ﬁndings in 427 subjects aged 70 and older, and concluded
that quantitative gait measures might predict future risk of
cognitive decline and dementia in initially non-demented
older adults. These recent data suggest that an early diagnosis
of dementia and/or related syndromes in the elderly should
include DRGC analysis.

Gait disorders related to cortical
gait control impairment: Interest
in gait analysis under dual-task
conditions
Walking is classically described as an automatic, rhythmic,
and regular motor activity characterized by alternated,
coordinated movements of crossed ﬂexion-extension of the
lower limbs while steady-state walking (Nutt et al 1993). It
is considered as a simple motor activity in healthy subjects
because of its predominant automatic character acquired
during the simultaneous maturation of the locomotor and
nervous systems. From a neurological viewpoint, the acquisition of such automatisms relies on motor procedural memory,
allowing for the gradual appearance of motor processes
enabling the automation of walking in healthy adults. Motor
procedural memory handles information based on action rules
(Beaunieux et al 2006; Squire et al 1990). Its expression is
implicit, and cannot be dissociated from action.
In experimental psychology, the adaptative control of
thought (ACT) by Anderson and Fincham (1994) is considered as a reference. It distinguishes three successive phases
during which the subject generates, combines, and improves
a speciﬁc procedure for a given task. The ﬁrst phase is the
declarative phase, corresponding to the selection of relevant
information for the requested task, and relies on intellectual
abilities, as well as on important attentional resources. In the
case of a motor action, it may be assimilated to the motor plan
elaboration step. The second phase, called the knowledge
compilation phase, corresponds to the transformation of
declarative information into procedures, and may be assimilated to the elaboration of the motor program. Finally, the
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third and ﬁnal phase is the procedural phase, corresponding
to the adjustment and automation of the procedure.
The procedural learning of walking enables the automatic,
unconscious triggering of underlying motor programs in
healthy adults. Such an implicit character is predominant
in walking and implies that walking only requires limited
attentional resources in healthy subjects (Beauchet et al
2005a; Dubost et al 2006, 2007). Although this assumption
has been conﬁrmed in young subjects (Beauchet et al 2005b),
several studies proved it was not the case in older adults and
demented subjects, in which cortical gait control is involved
while walking (Dubost et al 2006, 2007). Furthermore, the
most ordinary walking conditions demonstrate that the
implicit character of walking is not univocal: stride-to-stride
time modiﬁcations, the presence of obstacles or directional
changes constitute intentional parameters requiring explicit
cognitive function.
The clinical test used to highlight cortical involvement in
gait control is based on a dual-task paradigm, the principle
of which is that the subject performs an attention-demanding
task while walking and to observe any walking modiﬁcation compared with the reference task, ie, usual walking
(Abernethy 1988; Woollacott and Shumway-Cook 2002).
Dual-task paradigms are based on the hypothesis that two
simultaneously-performed tasks interfere if relying on identical functional and/or cerebral subsystems (Woollacott and
Shumway-Cook 2002). In the case of a paradigm including
walking and an attention-demanding task, the interference
is based on the hypothesis of a joint involvement of attention (Abernethy 1988). The primary task therefore is the
“attention-demanding” task, while the secondary task is
represented by walking. The interferences observed are modiﬁcations of the performance in one or both tasks, which are
measured by comparing the performances under single- and
dual-task conditions (Abernethy 1988; Pashler 1994; Woollacott and Shumway-Cook 2002). Gait modiﬁcations are then
interpreted as the involvement of attention while walking,
and therefore attest of a level of cortical control ensuring the
functionality of walking, while making control frailer.
Attention is a complex and multidimensional cognitive
function that overlaps with executive functions and one
dimension of which participate in improving the processing of information (Treisman 1969). Attention is a limited
resource in cognitive processing that may be overloaded by
two competing tasks when performed simultaneously, or
dual-tasking (Abernethy 1988; Woollacott and ShumwayCook 2002), then consecutively leading to a decline of performance in one or both tasks. Two categories of interferences
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have been deﬁned (Abernethy 1988; Pashler 1994). The
ﬁrst one is called capacity interference and is the result of
a central overload due to involvement of different information processes requiring attention. In contrast with capacity
interference, structural interference is deﬁned as a peripheral overload due to an inability to perform simultaneously
two tasks involving the same category of information. The
bottleneck and cross-talk models are based on this theoretical
approach. Although similar tasks performed simultaneously
provoke a decline in performance in the bottleneck model,
the cross-talk model assumes that task similarity reduces
interferences, thus leading to better performance.
Dual-task related gait changes reﬂect the capacity to
appropriately allocate attention between two tasks performed
simultaneously and, therefore, are related to executive function efﬁciency (Pashler 1994; Sheridan et al 2003; Allali et al
2007). Alzheimer’s subjects with moderate dementia and
executive dysfunction presented with high gait variability
suggesting that this gait parameter could be a sensitive
and speciﬁc marker of frontal cortical control of walking
(Sheridan et al 2003; Allali et al 2007). In another sample,
the degree of efﬁciency of the executive function was correlated to the degree of stride time variability (Hausdorff et al
2005). Recently, the disruption of stride-to-stride variability
was shown to be the most signiﬁcant gait parameter while
dual-tasking in a sample of older subjects with a dysexecutive syndrome (Allali et al 2007).

Dementia and the risk of falling:
Gait analysis as the key test
Dementia, even at an early stage and without any other neurological signs, is a risk factor of falling that is constantly
observed, irrespective of the subject’s living environment
(Shaw 2002). The incidence of falls is signiﬁcant in demented
subjects and is approximately two or three times higher than
in subjects without cognitive decline (Alexander 1996; Shaw
2002). Additionally, cognitive decline, including dementia or
not, has been associated with static balance or gait disorders
directly related to the severity of cognitive decline (Alexander
1996; Allan et al 2005; Burn et al 2006). When comparing
subjects with mild to moderate AD to healthy subjects that
were matched for age and sensory deﬁcits, the performance
of unipodal support or the tandem stance was associated
to the severity of cognitive deﬁcits (Frassen et al 1999).
Additionally, when testing the coordination of lower limbs
in the sitting position while carrying out a test of the « Tapping » type, the performance observed during this test also
decreased according to the degree of cognitive impairment.
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Depending on how severe cognitive decline is, associated
neurological anomalies such as extrapyramidal syndrome
have been observed, which explains the exponential increase
in disorders and the incidence of falls (Shaw 2002).
The most frequently identiﬁed explanatory factor in
demented subjects is postural instability, irrespective of
the nature of dementia (Visser 1983; Nakamura 1996;
O’Keeffe 1996; Buchner et al 1997; Frassen et al 1999).
Subjects with VaD or DLB obviously are at an increased
risk of falling compared to subjects with AD (Visser 1983;
Sattin 1992; Clemson et al 1996; Nakamura 1996; O’Keeffe
1996; Buchner et al 1997). The role of environment in the
mechanism of falls in older demented subjects remains
controversial, just as in older subjects without dementia.
Few studies have reported an association between falls and
the environment, while others were unable to demonstrate
such relation (Sattin 1992; Clemson et al 1996; Carter et al
1997; Close et al 1999).
It has been shown that gait characteristics while usual
walking could be related to an executive function deﬁcit.
Reduced walking speed was related to poor performances
in the Trail Making Test A and B, a neuropsychological test
evaluating executive function, in a group of 926 communityliving older subjects, under obstacle avoidance conditions,
that is considered as an attention-demanding task (Ble et al
2005). Previous studies were also able to establish such type
of relation between executive dysfunction and poor performances in physical tests (Sheridan et al 2003; Hausdorff
et al 2005; Allali et al 2007), and explain how interesting it
may be to use dual-task paradigms during gait analysis in
subjects with dementia. Additionally, in a population of 325
community-living older subjects, a poor performance in the
Trail Making Test part B (ie, with practice time over 180
seconds) was associated with a risk of severe trauma in the
event of a fall that was 1.9 superior compared with subjects
performing the Trail Making Test part B in less than 180
seconds (Nevitt et al 1991).
DRGC usually lead to falls and associated risk factors
were recently reviewed from the most to the least important
one (Oliver et al 2004): clinically abnormal walking, a history
of falling and cognitive decline. Fall-related gait disorders
associated with dementia may be prevented since several
studies showed that prevention programs had resulted in a
20 to 25% reduction in falling rates (Tinetti et al 1998; Oliver et al 2003; Tinetti 2003). In addition, criteria have been
established in order to better identify subjects at risk of falling (Oliver et al 2003). Consequently, an early identiﬁcation
of potential fallers through gait analysis is an indispensable
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ﬁrst step of any efﬁcient attempt to prevent falls in subjects
with dementia.

The neuronal basis for dementiarelated changes in gait
The automatic, implicit character is predominant in walking. It essentially relies on sub-cortical and spinal control,
with a neuronal network localized in the lumbar area (Nutt
et al 1993; Dietz 2003). These spinal neuronal networks that
include motor neurons and inter neurons are called “central
pattern generator” (CPG) for locomotion (Forssberg and
Grillner 1973; Forssberg 1979; Dietz 2003). They allow
the generation of automatic and rhythmic motor activity
patterns, corresponding to alternate, coordinated movements
of crossed ﬂexion-extension of the upper limbs, even in
the absence of sensory afferences or control by supraspinal
structures (Dietz 2003). In humans, several clinical observations corroborate the existence of CPG, such as spontaneous
locomotor activity in infants, or persistent rhythmic, coordinated movements of the lower limbs in paraplegic subjects
after a medullar section in the dorsal region (Forssberg and
Grillner 1973; Forssberg 1979). At the supramedullary level,
a particularly important locomotor zone is the pediculopontine nucleus (PPN), localized at the mesencephalic level that
is considered to be a site of termination for basal ganglia
output, and hence probably plays a key role in the modulation of walking (Pahapill and Lozano 2000).
At the cortical level, there is increased evidence that
dysfunction of temporal and frontal lobe may explain motor
impairment among demented subjects. It has been shown
that temporal atrophy, and speciﬁcally the hippocampus, is
not only related to memory but also to motor dysfunction
(Scherder et al 2007). Furthermore, both clinical studies
based on dual-tasking and brain imaging studies have shown
that frontal lobe dysfunction may be related to gait disorders
in demented subjects. Nakamura and colleagues (1997)
demonstrated that increased oscillations of the body in a
static position, a reduced stride length and increased stride
variability in subjects with AD could be related to a decreased
cerebral perfusion in the frontal lobe.

Recommendations for future
research
Visual observation is usually used for gait analysis by the clinicians but do not give sufﬁcient measures of gait. Objective and
accurate gait analysis of temporal and spatial characteristics by
validated devices may provide useful information to improve
early diagnosis and better understand risk of falling among
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subjects with cognitive decline. In particular, increase of stride
time variability (ie, stride-to-stride variation of gait cycle duration) while dual-tasking has been speciﬁcally associated with
impaired executive function (IEF) in demented older adults.
Acquiring more information about dual-task related changes
in stride time variability among demented subjects with and
without IEF could add to our understanding of IEF-related
gait instability.

Conclusion
Gait disorders and dementia are frequently associated. There
is increase evidence that DRGC are not only attributable
to motor disorders, but also associated to problems with
the cortical processing of information what may be present at the early stage of dementia. Dysfunction of temporal
and frontal lobe may in part explain gait disorders among
demented subjects. The main clinical implications are that
cortical related changes in gait characteristics could be used
to improve the early diagnosis of dementia and detection of
an increased risk of falling in demented subjects.
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