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Abstract

Individuals with movement disorders (MD) have gait deficits including impaired
automaticity and instability. Despite specific impairments in motor control
networks, recent evidence suggests that cognitive deficits are common in
individuals with MD and can magnify their gait problems. In this chapter, we
present studies showing that locomotor difficulties among individuals with MD
are mainly observed in those with cognitive deficits and during complex walk-
ing situations in which demands in cognitive and sensorimotor processing
increase. Overall, studies demonstrate that gait disturbances and cognitive
impairment coexist in MD and together accelerate the loss of mobility in these
individuals.
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9.1 The Relationship Between Gait and Cognition
in Movement Disorders

Movement disorders (MD) result from dysfunction of subcortical areas, such as the
basal ganglia (BG), as well as cortical areas within the brain. Neurodegenerative
processes can compromise the automaticity of well-learned movements such as
gait, where increased conscious control (and hence cognitive systems) may be
relied upon to perform movements. The relationship between cognitive control
and movement performance is often observed when individuals with MD have
their attention divided by secondary tasks while walking. As a result of divided
attention, walking performance in those with MD can be profoundly impaired
compared to healthy individuals. In addition, individuals with MD who have
cognitive decline appear to be more susceptible to gait impairments due to their
inability to use cognitive resources required to plan and control movements.
During complex walking situations (e.g., cluttered environment), the increased
cognitive and sensory processing required to plan gait modifications may have a
strong impact on the walking performance of individuals with MD. Thus, abnormal
gait control while walking in complex situations may result from an overloaded or
inefficient cognitive system in MD. In this chapter we review different aspects of
gait control associated with cognition in different MD, and in different walking
contexts.

9.2 Parkinson’s Disease

Parkinson’s disease (PD) is the most prevalent MD. The incidence of PD is nearly
1% in the population and 2% in people over 60 years of age [1-3]. PD is
characterized by an accelerated degenerative process of dopaminergic neurons in
the substantia nigra pars compacta of the BG. Decreased striatal dopamine affects
the functioning of all structures which comprise the BG and consequently impairs
the control of well-learned movements, such as gait [4]. In PD, gait impairments are
characterized by reductions in step length and velocity, and also increased step-to-
step variations in time and distance (i.e., gait variability) [5-7]. These gait
impairments may be even greater when individuals with PD have their attention
divided by secondary tasks during walking [8—14].

Specifically, velocity and gait variability are the most sensitive gait parameters
to dual-task interference in PD. Although the diversity of dual tasks found in the
literature makes comparison between studies difficult, gait of individuals with PD is
more influenced during the performance of more complex secondary tasks.
For example, gait impairments are worse when individuals with PD walk while
subtracting by 7°s compared to subtracting by 3’s [9], or when they are asked to
carry a tray with glasses compared to a tray without glasses [12], or when those
glasses are full compared to empty glasses [13]. Among gait parameters affected by
dual-task interference, gait variability has been shown to be a sensitive measure
when dual-task complexity has been increased and may represent the processing
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overload created by these tasks. It is important to note, however, that the relation-
ship between gait and cognition may vary depending on the cognitive status and
specific motor symptoms (e.g., freezing of gait) of individuals with PD. These
aspects will be further discussed in the sections below.

9.3  The Influence of Cognitive Decline on Gait of Individuals
with Parkinson’s Disease

Previous research has shown that approximately 26 % of non-demented individuals
with PD may exhibit a form of mild cognitive impairment, with main deficits being
found in the executive/attentional, memory, and visuospatial domains [15].
In addition, a longitudinal study demonstrated that by the 10-year mark from
diagnosis, approximately 46 % of individuals with PD had been clinically
diagnosed with dementia [16]. These findings support the notion that motor and
cognitive dysfunction may coexist in PD even in the early stages of disease and
increase in severity in the later stages of disease progression. Interestingly, it has
been shown that individuals with predominant postural instability and gait dys-
function (PIGD) have faster rate of decline in both cognitive and motor function
than those with predominant tremor symptoms [17]. This selective association
between cognitive impairment and PIGD symptoms suggests that the progression
of cognitive and mobility deficits may share similar underlying mechanisms
in PD.

Early studies investigated the influence of specific cognitive functions on gait in
PD. Deficits in attention and executive functions were associated with impaired gait
in individuals with PD, especially during dual-task walking [9, 18]. In contrast to
research in older adults with mild cognitive impairment [19], performance on
memory tests were not associated with changes in gait in PD. These findings
support the notion that specific cognitive functions (i.e., attention and executive
functions) are associated with gait disturbances in PD.

Executive functions compose a cognitive domain required for our ability to
inhibit irrelevant information, to update or maintain relevant information in mem-
ory, to plan complex actions, and to general attentional control [20]. These
functions allow the adaptation of responses to novel situations and play an impor-
tant role when managing situations in which automatic responses are not sufficient
for optimal performance. Thus, deficits in executive functions may interfere with
the ability of individuals with PD to adapt gait when dealing with complex
environments (e.g., cluttered spaces) or performing multiple tasks.

With respect to gait, poor performance on tests assessing executive functions has
been associated specifically with reduction in speed and increased step-to-step
variability when individuals with PD perform dual-task walking [9]. According to
Yogev and colleagues [9], individuals with PD may use cognitive resources to
alleviate difficulties to maintain the consistency of walking rhythm. Hence, if
individuals with PD present impaired cognitive function (e.g., executive functions),
it is reasonable to predict that they may be less able to maintain a stable walking
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rhythm. Since unstable walking rhythm has been associated with increased risk of
falls in older adults [21], this may imply greater risk of falls among individuals with
PD with cognitive decline compared to those with normal cognitive status.

In addition to the findings described above, a relationship between cognition and
a very debilitating symptom known as freezing of gait has also been identified in
individuals with PD. The role of cognitive deficits in the freezing phenomenon is
described in greater detail in the following section.

9.4 The Relationship Between Cognition and Freezing of Gait
in Parkinson’s Disease

Freezing of gait (FOG) is a phenomenon that affects nearly 50 % of all individuals
with PD, being more prevalent during later stages of the disease [22, 23]. FOG can
be defined as a sudden interruption of walking progression which makes individuals
feel as if their feet are “glued” to the ground, irrespective of their intention to move
forward [24]. Several perspectives have attempted to explain this phenomenon in
PD including reduced cognitive processing capacity [25, 26], impaired bilateral
coordination [27], impaired sensory-perceptual processing [28—30], motor planning
deficits [31-33], asymmetric degeneration of subcortical areas (e.g., BG and
pedunculopontine nucleus) [34, 35], and altered emotional processing
[36, 37]. Individuals with PD who experience FOG present typical gait disturbances
such as increased step-to-step variability [38], shortened step length [31], and
asymmetrical steps [27]. Importantly, when individuals with PD who experience
FOG have to adapt their walking pattern to change direction (turning), deal with
obstacles (doorways) or situations that impose greater cognitive demand (dual-
task), these gait abnormalities are exacerbated and freezing episodes are more
likely to occur [28, 39—41]. Although the underlying mechanisms of FOG are
unknown, research has consistently demonstrated an association between FOG
and deficits in executive functions. More specifically, FOG has been associated
with difficulties in attentional set-shifting [42] and conflict resolution [26].
In addition, the notion that deficits in cognitive networks could contribute to FOG
has been supported by neuroimaging research.

Brain imaging studies in virtual reality environments have exposed patients to
conditions which elicit FOG episodes, for example, locomotion through narrow
spaces in addition to attention demanding dual-tasks [25]. It was found that an
overload in attentional networks during these FOG provoking situations increased
the inhibitory output from BG to motor centers in the brainstem in individuals with
PD, such as the mesencephalic locomotor area and the pedunculopontine nucleus,
which are areas responsible for the initiation and cessation of locomotion in humans
[43]. However, this abnormal inhibitory output from BG to locomotor centers in the
brainstem was stronger among freezers compared to non-freezers. Results from
imaging studies may help to explain why complex walking situations which
demand increased cognitive control and sensorimotor integration for stepping
adaptations elicit FOG episodes. Thus, understanding how complex walking
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situations influence gait in PD help us better understand the underlying mechanisms
of severe gait impairments such as FOG, as well as clarifying the relationship
between cognition and gait in PD.

9.5 Cognition and Complex Gait Navigation in Parkinson’s
Disease

Walking in real-world situations often requires step adaptations to change
directions and to avoid contact with obstacles. These gait modifications impose
increased demand on cognitive and sensory processing. Reduced striatal dopami-
nergic activity may limit processing resources magnifying motor disturbances when
individuals with PD face complex locomotor situations including obstacle avoid-
ance [44, 45]. Consequently, during these demanding locomotor situations, gait
impairments can be exacerbated (slowness, FOG, trips, and the loss of balance) in
individuals with PD. Recent studies have shown that approaching obstacles, a
situation that demands planning, can overload cognitive processing and exacerbates
gait impairments (e.g., increased step-to-step variability) in individuals with PD
[28, 29, 32, 33]. Additionally, executive function decline is associated with errone-
ous stepping planning during obstacle crossing [32]. Planning refers to the prepara-
tion/conceptualization of movements. Importantly, gait disturbances associated
with increased motor planning complexity were found to be exacerbated in freezers
especially when they performed a secondary cognitive task during obstacle
approaching and crossing. Another recent study also showed that decreased visual
feedback of self-motion overloaded processing resources of individuals with PD
increasing the effects of dual-task on gait control [46]. This study showed that
individuals with PD tripped more on a visible obstacle when they needed to rely on
their impaired proprioceptive system (walking in the dark) and perform a cognitive
dual-task compared to healthy individuals. Gait instability (step-to-step variability)
during obstacle approach in individuals with PD was higher than in healthy controls
only during the condition of reduced visual feedback of self-motion (dark).
This result suggests that processing resources to plan gait adaptations may become
overloaded because individuals with PD would be using cognition (e.g., attention)
to supervise faulty sensorimotor integration to prevent motor and planning errors.
Difficulties to automatically process sensory information could force patients to
control movements using a more conscious control [47] which can be observed in
increased gait variability and dual-task cost while approaching the obstacle.
In support of this interpretation, previous research has shown that when individuals
with PD are trained to focus attention on sensorimotor information (moving with
eyes closed), a significant improvement in gait was found during a complex
walking task involving postural threat [48]. Hence, attention might be used by
individuals with PD to compensate for sensory-perceptual impairments. Thus, it is
important to consider the relationship between impaired sensorimotor integration
and the reliance on high-order cognitive processing (e.g., executive functions) in
individuals with PD.
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Another complex locomotor situation which results in gait difficulties among
individuals with PD is turning. Difficulties to turn around the body axis are one of
the most common complaints among people with PD, and it may cause extreme gait
slowness, loss of balance, and FOG. It has been demonstrated that individuals with
FOG had greater gait variability than non-freezers when performing sharper turns
(180°) compared wider turns (90°) [40]. In this study, the gait abnormalities found
in freezers were suggested to be associated with increased cognitive demand to
control steps during sharper turns. Another study demonstrated that freezers had
increased brain activity in prefrontal areas compared to healthy age-matched
controls only prior to a planned turn compared to an unplanned turn. This study
suggested that turning deficits in individuals with FOG may be related to an
overload in cognitive processing during movement planning [49]. Therefore, in
individuals with PD and especially those with FOG, processing capacity may be
overloaded when planning complex gait adjustments. This overload in processing
capacity may be attributed to both reduced striatal dopaminergic activity (i.e.,
reduced BG processing capacity) and impaired cognitive function (executive
functions) which may magnify sensorimotor deficits (e.g., slowness, instability)
while performing drastic gait and postural adjustments during locomotion.

9.6 Falls and Cognition in Parkinson’s Disease

Falls are one of the main causes of hospitalization, decreased mobility, and poor
quality of life among individuals with PD [50, 51]. Although the underlying
mechanism of falls in PD may be multifactorial, a relationship between cognition
and increased risk of falls has been previously demonstrated [52, 53]. Interestingly,
a study showed that individuals with PD and elderly fallers have common deficits in
executive functions that distinguish them from elderly non-fallers [54]. As previ-
ously described, impairments in executive functions may contribute to an inability
to adapt gait especially during complex walking situations and may expose
individuals with PD to greater risk of falls. In addition to cognitive decline,
individuals with PD who have a high incidence of falls also present greater step-
to-step variability compared to those with low incidence of falls [55]. Therefore,
deficits in executive functions and gait stability (e.g., increased step-to-step
variability) are hallmarks of PD fallers [56].

Although the degeneration of the dopaminergic system plays a critical role on
gait impairments in PD, recent research has shown that individuals with PD who
frequently fall had reduced thalamic cholinergic activity compared to PD
non-fallers [57]. Thalamic cholinergic activity is modulated by a brainstem struc-
ture called pedunculopontine nucleus, which plays an important role on gait and
balance control [43]. Therefore, it might be that impaired cholinergic activity in the
pedunculopontine nucleus may also contribute to gait impairments and increased
risk of falls among those with PD. This is in line with previous research showing
that gait parameters important to gait stability, such as stride time and double
support variabilities, are not responsive to dopaminergic medication [58, 59].
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In support of the assumption that cholinergic and dopaminergic systems have
different but not independent roles in gait control, a recent review [60] identified
that falls’ incidence in PD may increase if cognitive networks modulated by the
cholinergic system are not able to supervise errors in sensorimotor integration,
which is primarily modulated by the dopaminergic system. In other words, falls
may reflect an inability of individuals with PD to use attentional resources to
supervise sensorimotor feedback.

9.7 Huntington’s Disease

Huntington’s disease (HD) is an MD caused by progressive degeneration of the
striatum (i.e., caudate nucleus and putamen). The putamen and the caudate nucleus
are important neural structures for sensorimotor [61] and cognitive [62] processing,
respectively. Impairments in these subcortical structures affect the ability of human
beings to suppress motor outputs and behaviors. In addition to subcortical deficits,
cortical areas are also affected by HD. The combination of subcortical and cortical
impairments can cause significant cognitive and behavioral deficits, in addition to
severe movement disturbances. Individuals with HD exhibit hyperkinetic and
involuntary movements (chorea) in later stages of the disease. The pathological
mechanism underlying movement impairments in HD also have an important
influence on gait.

Gait characteristics in HD include wide base of support, lateral swaying, spon-
taneous knee flexion, variable cadence, and parkinsonian features [63]. Although
individuals with HD present some parkinsonian gait characteristics (e.g., variability
and slowness), the abnormal gait pattern observed in HD is not associated with
deficits to regulate the amplitude of steps, such as in PD. Individuals with HD
exhibit difficulties to maintain a consistent timing or pace between steps.
This increased gait variability of step timing in individuals with HD may be
indicative of poor stability and reduced gait automaticity.

Due to extensive subcortical and cortical damage, it is challenging to establish
causality between striatum damage and cognitive deficits in individuals with
HD. Previous research has shown that cognitive deficits found in individuals with
HD differ from those observed in Alzheimer’s disease, which is a neurological
disease known to affect primarily cortical areas [64]. For example, Brandt and
colleagues [64] showed that while individuals with Alzheimer’s disease showed
deficits in memory (word recall) and orientation (date) sections of the Mini-Mental
State Exam, those with HD were more impaired in executive functions (serial
subtractions). More specifically, Lawrence et al. [65] found that individuals with
HD present a specific pattern of deficits in executive functions such as planning and
set-shifting. The pattern of deficits in executive functions observed in individuals
with HD differed from that found in individuals with PD (subcortical), but it was
similar to individuals with frontal lobe lesions (cortical). Thus, even though cogni-
tive deficits in HD may be primarily caused by striatal dysfunction, cortical
dysfunction as a result of widespread lesions in the brain may also contribute to
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these cognitive deficits. If this is the case, it might be that the ability of individuals
with HD to compensate for gait deficits through the cognitive system may be
limited especially when cognitive resources are challenged while walking.

A study revealed that a cognitive dual-task (counting backwards in steps of 2 or
3) affected gait in individuals with HD more than a motor task (carrying a tray with
glasses) [66]. The cognitive dual-task provoked slower gait speed, decreased
cadence, and shorter stride length (all compared to free gait condition), whereas
the same dual-task interference was not observed in healthy control individuals.
This study showed that individuals with HD depend on attentional resources to
control their steps while walking. Given that attentional control over steps should
improve gait impairments in HD, directing attention to a metronome while walking
should improve the timing control of steps. However, a study demonstrated that
individuals with HD did not improve gait under these conditions [67]. According to
this study, the lack of gait improvement while external cues were provided to
individuals with HD was due to attentional deficits. Thus, attentional deficits may
affect the ability of these individuals to synchronize their steps with external cues
(e.g., auditory signals produced by a metronome).

Taken together, the severity of cognitive deficits in HD may influence gait and
prevent these individuals from utilizing cognitive resources to compensate for gait
deficits.

9.8 Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a MD caused by abnormal accumulation of
tau protein-positive filamentous known as neurofibrillary tangles in the glia and
neurons [68—70]. This abnormal neuronal formation is found to be more
concentrated in areas of the brainstem responsible for gaze and gait control. Since
motor symptoms in PSP and PD are very similar, the absence of downgaze is the
most important criterion to differentiate PSP from PD. Movement impairments
observed in individuals with PSP consist of the absence of downgaze movements,
staring look due to eyelid retraction, trunk rigidity, bradykinesia, hypometric
movements, and FOG. Deficits in gait and postural control are thought to be related
to an increased number of falls among those with PSP [71]. In addition, when
compared to PD, individuals with PSP may exhibit shorter step length and increased
cadence when asked to walk fast [72]. These walking patterns suggest that gait
deficits in PSP may result from difficulties setting an appropriate step length to
modulate gait speed at the cortical level. Additionally, cortical areas in the brain
that underlie executive functions are also affected by PSP, posing a complex
scenario which involves the deterioration of both gait and cognitive functions.
Cognitive deficits in individuals with PSP are mainly characterized by slowness
of thinking and impaired executive functions, although memory and visuospatial
processing (e.g., difficulty to identify shapes and objects accurately) may also be
impaired [73, 74]. Individuals with PSP also have impaired performance on cogni-
tive tests sensitive to frontal lobe dysfunction. More specifically, Robbins and
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colleagues [75] showed that individuals with PSP performed worse than
age-matched controls on short-term memory, spatial working memory, planning,
and set-shifting tests. Although the pattern of deficits found in individuals with PSP
resemble those observed in individuals with PD, deficits were found to be more
severe in individuals with PSP when compared to those with PD [75]. Since PSP is a
rare MD, a small number of studies investigating the relationship between gait and
cognition exist in the literature.

Previous research has shown that individuals with PSP who fall more frequently
were more affected by a cognitive-motor task (counting backwards) than those with
a low incidence of falls [76]. This study concluded that gait impairments and falls
may result from a combination of deficits in functioning of the brainstem and
prefrontal cortical regions in individuals with PSP. Furthermore, a recent study
showed that individuals with PSP with high incidence of falls demonstrated greater
impairment in executive and visuospatial functions compared to those with a lower
incidence of falls [71]. These findings suggest that impairments in gait and balance
in individuals with PSP may be strongly influenced by cognition and may affect the
ability of individuals with PSP to navigate safely.

Although the relationship between cognition, gait impairments, and falls in PSP
seems obvious, the contribution of downgaze impairments to falls incidence
remains unclear and might have been a confounder in previous investigations.
Downgaze deficits could have a negative effect on planning of foot elevation
when individuals with PSP walk on uneven terrains. Furthermore, difficulties to
shift gaze to the lower visual field while walking could cause erroneous step
adjustments consequently contributing to trips, loss of balance, and falls. Therefore,
studies should investigate not only falls occurrence among individuals with PSP but
also how these falls happened. For example, if the majority of falls happened after
trips on uneven terrain, it is possible that downgaze impairments have important
contribution to falls compared to situations where patients were distracted while
walking on even terrains. However, this hypothesis still needs to be confirmed in
future studies.

9.9 Final Considerations

In conclusion, individuals with PD, HD, or PSP may present similar gait deficits
that could be caused by decreased movement automaticity. Consequently,
individuals with these MD may rely on the cognitive system to compensate for
gait deficits. The coexistence of both motor and cognitive deficits in most MD is
important to note. Furthermore, the severity of cognitive deficits, such as attention,
may limit the ability of those with MD to adapt gait in complex situations and
utilize sensory information to improve gait. Therefore, rehabilitation programs
should combine motor and cognitive therapies to improve gait in MD.
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