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Abstract Alzheimer’s and Parkinson’s diseases are
age-related progressive neurodegenerative diseases
of increasing prevalence worldwide. In the absence
of curative therapy, current research is interested in
prevention, by identifying subtle signs of early-
stage neurodegeneration. Today, the field of behav-
ioral neuroscience has emerged as one of the most
promising areas of research on this topic. Recently,
it has been shown that the exacerbation of gait
disorders under dual-task conditions (i.e., simulta-
neous performance of cognitive and motor tasks)
could be a characteristic feature of Alzheimer’s
and Parkinson’s diseases. The cognitive-motor du-
al-task paradigm during walking allows to assess
whether (i) executive attention is abnormally im-
paired in prodromal Alzheimer’s disease or (ii)
compensation strategies are used in order to pre-
serve gait function when the basal ganglia system
is altered in prodromal Parkinson’s disease. This
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review aims at (i) identifying patterns of dual-task-
related gait changes that are specific to
Alzheimer’s and Parkinson’s diseases, respectively,
(i) demonstrating that these changes could poten-
tially be used as prediagnostic markers for disease
onset, (iii) reviewing pros and cons of existing
dual-task studies, and (iv) proposing future direc-
tions for clinical research.
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Introduction

Alzheimer’s disease (AD) and Parkinson’s disease
(PD) are a major public health concern as the
world’s population ages. Unfortunately, AD and
PD are up-to-date diagnosed in the advanced
stage. In the absence of curative therapy, current
research is interested in prevention by identifying
subtle signs of ecarly-stage neurodegeneration.
Crucially, early diagnosis would provide a critical
opportunity for disease-modulating interventions
targeting modifiable risk factors for AD or PD
(Barnes and Yaffe 2011), or even neuroprotective
therapies, which both would help delay, slow, or
even prevent disease progression (i.e., more cases
would remain in the mild stage rather than degrade
to moderate or severe stages; Petersen 2009).
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These risk factors are modifiable by making life-
style changes (e.g., greater participation in physi-
cally and intellectually stimulating activities, social
engagement, balanced diet with a high proportion
of unsaturated fatty acids) and treating long-term
health conditions (e.g., excessively high or low
blood pressure, insufficient and/or fragmented
sleep, diabetes, and midlife obesity).

From these clinical perspectives, increasing evidence
supports the idea that the neuropathological process
underlying AD and PD begin long before the onset of
clinical symptoms as currently defined. This prodromal
phase has opened new lines of research to identify the
carliest markers that confirm the beginning of the dis-
ease. Behavioral neuroscience has emerged as one of the
most promising areas of research on this topic. Recently,
it has been shown that gait control is already affected in
the prodromal phases of AD and PD (Postuma et al.
2012; Montero-Odasso et al. 2014), and thus may have
the potential to serve as a new prodromal marker of
these diseases. Prodromal markers represent
“signatures” of an ongoing pathological process before
the presence of typical symptoms allowing the clinical
diagnosis (Heinzel et al. 2016). The loss of gait control
is commonly evaluated by dual-task walking paradigms,
during which the subject performs a cognitive
(attention-demanding) task while walking, to assess
any modifications compared to the reference (i.e.,
single-task condition), in either the cognitive or the
walking subtasks (“dual-task cost”; Woollacott and
Shumway-Cook 2002; Mclsaac et al. 2015). At the
onset of mild cognitive impairment (MCI, which may
in some cases represent the prodromal phase of AD),
this method has been widely used to assess whether or
not executive attention functions (i.e., refers to higher
cognitive processes used to allocate attention among
different tasks performed simultaneously) are abnormal-
ly impaired. Such cognitive dysfunctions (i.e., predom-
inantly inhibitory control) are considered today as a
predictor of AD (Balota et al. 2010; Harrington et al.
2013; Seo et al. 2016). In the prodromal phase of PD,
the dual-task paradigm is used to exhaust compensation
strategies aimed at preserving the motor function when
the basal ganglia system is altered (Chen et al. 2013;
Lerche et al. 2014). Collectively, previous evidence that
dual-task conditions significantly affect patients in the
prodromal phases of AD and PD with respect to healthy
controls might offer a rationale for the use of this para-
digm as a screening tool for the risk of developing AD
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and PD. This background leads to the heart of this
review. Thus, our purposes were fourfold (i) to identify
patterns of dual-task-related gait changes that are spe-
cific to AD and PD, respectively, (ii) to demonstrate that
these changes could potentially be used as prodromal
markers for clinical disease onset, (iii) to review pros
and cons of existing dual-task studies, and (iv) to pro-
pose future directions for clinical research.

Changes in gait control under single-task condition
in Alzheimer’s disease

Clinical phase of Alzheimer’s disease

AD, the primary cause of irreversible dementia among
elderly people, is a progressive neurodegenerative dis-
ease characterized by the presence of amyloid beta
plaques and neurofibrillary tangles (Ballard et al. 2011;
Ittner and Go6tz 2011) together with synaptic reduction,
neuronal death, and atrophy (Braak and Braak 1991;
Terry et al. 1991). In addition to these classical neuro-
pathological markers, some studies have shown a dis-
ease burden in the motor cortex equivalent to the ento-
rhinal cortex, hippocampus, and the association areas of
the frontal and parietal lobes (Suva et al. 1999).
Behaviorally, patients with early AD have mainly severe
episodic and working memories impairments, deficits in
language, and semantic knowledge. Also, they fail tasks
requiring relatively complex brain communication, such
as under dual-task conditions; these tasks depending
substantially on executive attention control (Nordahl
et al. 2006; Mayda et al. 2011). Interestingly, cognitive
impairment in AD, specifically executive attention con-
trol deficits, and the hyperexcitability of the motor cor-
tex affect gait (van lersel et al. 2004; Sheridan and
Hausdorff 2007; Beauchet et al. 2008; Coelho et al.
2012). Overall, AD patients present a lower gait speed
(Verghese et al. 2007; Rucco et al. 2017), shorter stride
length (Coelho et al. 2012; Rucco et al. 2017) and
cadence (Sheridan and Hausdorff 2007), and greater
stride time variability (Beauchet et al. 2008, 2014).
Stride length variability has rarely been studied but
appear to be increased compared to healthy older adults
(van Iersel et al. 2004; Coelho et al. 2012). According to
Beauchet et al. (2008), stride time variability is a fine
marker of gait control, thus, highlighting that gait in AD
should not be considered as a simple automatic motor
behavior, but one requiring “high-level cognitive
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functions,” particularly executive attention control
(Allali et al. 2007).

Prodromal phase of Alzheimer’s disease

Converging evidence suggests that executive attention
control, predominantly inhibitory control, changes be-
fore episodic memory impairment, which is the clinical
hallmark of early AD (Harrington et al. 2013).
Importantly, such changes could predict AD (Balota
et al. 2010). Neuropathological findings suggest that
extracellular amyloid could appear first in the basal
isocortex including the entorhinal cortex and only later
in the hippocampus (Harrington et al. 2013). As men-
tioned earlier, deficits in executive attention control may
be responsible for gait disorders. Interestingly, this as-
sociation also exists in the prodromal phase of AD and
may predict older adults at risk of developing dementia.
In fact, longitudinal studies that examined baseline gait
disorders and the risk of dementia have shown that gait
slowing appears 12 years before the onset of MCI and
precedes a decline in cognitive function (Buracchio
et al. 2010; Mielke et al. 2013). The Oregon Brain
Aging study supports this view and found that a longer
time to complete a 30-ft (15-m) walk at baseline was an
independent predictor of cognitive impairment over a 6-
year period of follow-up (Marquis et al. 2002). In addi-
tion to these findings, the 5-year longitudinal study
conducted by Verghese et al. (2007) showed that chang-
es in both rhythm (i.e., cadence, swing time, stance time,
and double support time) and variability (i.e., stride
length variability and swing time variability) domains
of gait predicted decline in both executive attention
control and episodic memory. The latter two were in
turn shown to be associated with an increased risk for
cognitive decline and dementia (Marquis et al. 2002;
Verghese et al. 2007). Recently, during a median follow-
up of 2.7 years, Taniguchi et al. (2012) found that
shorter stride length was an independent predictor of
cognitive decline in a general population of older adults
and could be a better predictor than gait slowing.
Collectively, the abovementioned findings are con-
sistent with the view that the loss of cognitive and motor
functions observed in the prodromal phase of AD may
share common underlying neuropathological mecha-
nisms, namely, an executive attention control deficit.
According to Buchman and Bennett (2011), the fact that
several non-cognitive symptoms, such as gait disorders,
predict the subsequent development of AD, suggests

that non-cognitive behaviors may serve as phenotypic
markers of prodromal AD. Likewise, Beauchet et al.
(2014) suggested that there might be a motor phenotype
of cognitive performance decline, which could be used
to improve the prediction of dementia, particularly in
AD. Currently, such a view is mainly explored using
dual-task-walking paradigms. This approach is very
advantageous compared to others, because it reveals
subtle age- and disease-related abnormalities in gait
control, which are masked by internal factors such as
compensation mechanisms underlying cognitive re-
serve, and thus difficult to detect using either conven-
tional neuropsychological tests or single-task walking
assessment (Muir et al. 2012; Perrochon and Kemoun
2014; Perrochon et al. 2013, 2015).

Changes in gait control under single-task condition
in Parkinson’s disease

Clinical phase of Parkinson’s disease

PD is a chronic neurodegenerative disease caused by
progressive and profound loss of nigrostriatal dopami-
nergic neurons projecting to the striatum and the pres-
ence of Lewy bodies in the central, peripheral, and
autonomic nervous systems (Jellinger 2012).
Clinically, PD is characterized by the emergence of at
least two cardinal motor features, including bradykine-
sia (i.e., slowness of movement) and either rigidity,
tremor, gait disorders, or postural instability (Tolosa
et al. 2006; Massano and Bhatia 2012). Overall, gait
disorders appear in early in PD. They are characterized
by (i) decreases in gait speed, stride length, and arm
swing amplitude (Lewek et al. 2010; Volpe et al. 2017)
and (ii) increases in cadence, double support time, arm
swing amplitude, swing time asymmetry (Yogev et al.
2007), and variability in stride time and swing time
(Baltadjieva et al. 2006; Mirek et al. 2007; Svehlik
et al. 2009; Lewek et al. 2010; Volpe et al. 2017).
From a behavioral point of view, the gait showing
results from the inability of PD patients to generate
sufficient stride length and arm swing amplitude (i.e.,
gait hypokinesia) even though cadence control remains
intact (Morris et al. 1994; Hausdorff 2009), whereas the
increased variability in temporal parameters from an
alteration of the internal cueing mechanism needed to
walk in a rhythmic fashion (Sheridan and Flowers 1990;
Morris et al. 1994; Ebersbach et al. 1999; Schaafsma
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etal. 2003). From a neuropathological point of view, the
causes of these gait disorders may result from (i) dopa-
minergic striatal deficit (Wu et al. 2015), (ii) excessive
inhibition of the mesopontine locomotion center by the
basal ganglia (Sterling et al. 2015), and (iii) cortical
cholinergic denervation (Bohnen et al. 2013; Miiller
etal. 2015).

Prodromal phase of Parkinson’s disease

Positron emission tomography data revealed that clini-
cal symptoms of Parkinsonism could develop after 70—
80% of striatal dopamine is depleted, corresponding to
30-50% cell death of dopaminergic neurons (Fearnley
and Lees 1991; Stoessl 2007; Postuma et al. 2012). The
duration of this phase prior to diagnosis of PD is still in
debate (Gaenslen et al. 2011) and has been estimated to
last many years, with an average of 5 years (Morrish
et al. 1998; Postuma et al. 2012), or even decades
(Marek and Jennings 2009). To date, several motor
and non-motor symptoms characterize this prodromal
phase. While prodromal non-motor symptoms (e.g.,
mood disorders and olfaction) are largely explored,
motor symptoms, on the other hand, remain poorly
studied. However, because PD is currently diagnosed
by its motor features, it is reasonable to speculate that
subtle changes in the motor function will be present
before the appearance of the cardinal motor signs re-
quired for diagnosis (Mirelman et al. 2016). In line with
this view, Postuma et al. (2012) suggested that the stage
when idiopathic rapid eye movement (REM) sleep be-
havior disorder (i.e., characterized by vivid, often-
fearful dreams, and loss of normal muscle atonia during
rapid eye movement sleep) (Olson et al. 2000) is diag-
nosed may provide a window to better understand pro-
dromal motor symptoms. Accordingly, motor skills of
78 patients with idiopathic REM sleep behavior disor-
der, as assessed by the Unified Parkinson Disease
Rating Scale, the Purdue Pegboard Test, the Alternate
Tap Test, and the Timed Up and Go Test, became
abnormal ~4.5 years before the diagnosis of PD
(Postuma et al. 2012). Specifically, voice and face
akinesia seem to be the first signs to appear (estimated
prodromal interval: 9.8 years), followed by rigidity
(4.4 years), gait abnormalities (4.4 years), and limb
bradykinesia (4.2 years). As regards gait changes, these
findings suggest that patients with early PD should
present subtle gait disorders (Panyakaew and
Bhidayasiri 2013; Mirelman et al. 2016). Yet, they are
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not detectable under undisturbed walking conditions
(i.e., self-selected comfortable speed under single-task
condition) in the prodromal phase. This is perhaps due
to satisfactory motor system mechanisms compensating
the slowly progressive nigrostriatal dopamine depletion
within and outside the basal ganglia (Buhmann et al.
2005; Maetzler and Hausdorff 2012; Bezard and
Fernagut 2014). Unfortunately, the exact compensatory
mechanisms underlying gait disorders in the prodromal
phase of PD remain unclear. Previous studies examining
manual motor performance proposed the following
mechanisms: (i) an increased activity in lateral premotor
and parietal areas as well as in the anterior cingulate
cortex to counterbalance defective striatofrontal motor
circuits (Samuel et al. 1997; Sabatini et al. 2000;
Buhmann et al. 2005), (ii) an increase in corticostriatal
excitatory input to the basal ganglia (Wu et al. 2015),
and (iii) the use of extrastriatal areas, such as executive
attention control and more “‘voluntary” brain activity
efforts to execute movements usually performed auto-
matically in healthy people (Wu et al. 2015).

Although the above studies did not examine gait, the
findings are consistent with the possibility of changes in
the neural networks underlying control of gross motor
skills such as gait, and perhaps also in the recruitment of
compensatory processes (or cognitive strategy use),
which might themselves depend on the individual’s
cognitive reserve (Stern 2009). The challenge remains
about how to capture these gait disorders despite com-
pensatory capabilities? An intriguing possibility, which
has recently been envisioned by very few studies
(Lerche et al. 2014; Mirelman et al. 2011, 2016), is that
dual-task walking may serve as a new, sensitive prodro-
mal marker of PD.

Changes in gait control under dual-task condition
in Alzheimer’s disease

Clinical phase of Alzheimer’s disease

In the clinical phase of AD, all studies showed that dual-
task-related gait changes are larger in AD patients than
in healthy controls. Such disorders include decreases in
gait speed (Camicioli et al. 1997; Sheridan et al. 2003;
Cocchini et al. 2004; Pettersson et al. 2007; Maquet
et al. 2010; Coelho et al. 2012; Muir et al. 2012;
Rucco et al. 2017), cadence (Coelho et al. 2012;
Rucco et al. 2017), stride length, and increases in stride
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width (Rucco et al. 2017), double support time (Muir
et al. 2012; Rucco et al. 2017), swing time, stance time
(Rucco et al. 2017), stride time (Muir et al. 2012), stride
length asymmetry (Maquet et al. 2010), stride length
variability (Rucco et al. 2017), stride time variability
(Sheridan et al. 2003; Muir et al. 2012), stance time
variability, swing time variability, and stride width var-
iability (Rucco et al. 2017). In most studies, the authors
analyzed dual-task-related changes in gait but not in
cognitive performance. The few studies that also did
the latter showed a decline in the two domains
(Cocchini et al. 2004; Coelho et al. 2012; Ijmker and
Lamoth 2012). From a neuropathological point of view,
dual-task-related gait changes in AD could reflect met-
abolic changes in cells of the associative cortices and
hippocampal complex (Rolls and Grabenhorst 2008).
The study of Marshall et al. (2007) suggests that the
reduction in glucose consumption and perfusion in the
cingulate gyrus and orbitofrontal cortex may also ex-
plain the difficulty of patients with AD to perform dual-
task walking.

Prodromal phase of Alzheimer’s disease

In the prodromal phase of AD, dual-task-related gait
changes are larger in MCI patients than in healthy
controls, and greater dual-task complexity further
worsens gait performance. The gait disorders reported
in MCI patients include (i) decreases in gait speed
(Pettersson et al. 2007; Maquet et al. 2010; Montero-
Odasso et al. 2009a; Montero-Odasso et al. 2012; Muir
et al. 2012; Doi et al. 2014; Tseng et al. 2014; Tarnanas
et al. 2015) and stride length (Montero-Odasso et al.
2009b; Maquet et al. 2010) and (ii) increases in stride
time (Muir et al. 2012), swing time (Boripuntakul et al.
2014), stride length variability (Boripuntakul et al.
2014), double support time variability (Montero-
Odasso et al. 2009b), and stride time variability
(Camicioli et al. 2006; Allali et al. 2007; Montero-
Odasso et al. 2009b; Muir et al. 2012; Ijmker and
Lamoth 2012; Montero-Odasso et al. 2014). From a
neuropathological point of view, dual-task-related gait
changes were interpreted as resulting from impairments
in working memory and executive attention control
(Maquet et al. 2010), both altering the ability of patients
to execute more than one task at a time. Another inter-
pretation proposed by Montero-Odasso et al. (2009a) is
the limitation of attentional resources (the “central
capacity-sharing model of dual-task performance”;

Tombu and Jolicoeur 2003), which could account for
dual-task interference in gait among people with MCI.
Hence, it is likely that both explanations of dual-task
interference during gait are relevant.

In contradiction with the above results, two studies
(Pettersson et al. 2005; Nascimbeni et al. 2015) have
reported no dual-task walking effect. This counterintui-
tive finding is likely due to either the gait assessment
method (i.e., use of clinical performance-based mea-
sures, such as Timed Up and Go Test, Tinetti Gait
Test, instead of instrumental gait analysis), the choice
of the secondary cognitive task (i.e., type and complex-
ity), the selection criteria for the control group (e.g., in
Pettersson et al. 2005: people complaining of subjective
cognitive impairment), the large heterogeneity of the
MCI group, and/or the low sample size. Furthermore,
it is reasonable to assume that part of these MCI patients
will not evolve to dementia, but rather remain cogni-
tively stable or even revert to normal during follow-up.
It is hypothesized that dual-task walking could have the
potential to improve the power of discrimination be-
tween MCI converters and non-converters. In a longitu-
dinal study, comparing MCI patients who developed
AD to those who remained stable, Gillain et al. (2016)
provided first evidence supporting this view.
Specifically, the authors showed that MCI converters
deteriorated their gait speed and gait variability under
dual-task conditions more than non-converters. Other
longitudinal studies recruiting both healthy older adults
and MCI patients are needed to confirm these findings.
Besides, such studies are important to determine the
threshold of change under dual-task walking that would
differentiate healthy compensation mechanisms from
pathological ones.

Table 1 summarizes the findings of dual-task-related
gait changes in AD and MCI patients.

Changes in gait control under dual-task condition
in Parkinson’s disease

Clinical phase of Parkinson’s disease

In the clinical phase of PD, dual-task-related gait chang-
es are larger in PD patients than in healthy controls.
Such disorders include (i) decreases in gait speed (Fuller
et al. 2013; Wild et al. 2013; Stegemoller et al. 2014;
Strouwen et al. 2016), stride length (O’Shea et al. 2002;
Rochester et al. 2004; Plotnik et al. 2011; Tseng et al.
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Gait variability

for all

parameters

NCI subjects with no cognitive impairment, EAD early Alzheimer’s disease, AD Alzheimer’s disease, MAD mild Alzheimer’s disease, F'7D frontal temporal dementia, MCI mild cognitive
impairment, a-MCI amnesic mild cognitive impairment, na-MCI non-amnesic mild cognitive impairment, HOA healthy older adults, YOA younger older adults, VaD vascular dementia, 1

increased, | decreased
2 Gait DTC
°DTC

[(dual-task gait performance — single-task gait performance)/(dual-task gait performance + single-task gait performance)/2] x 100

[(single-task value — dual-task value)/single-task value] x 100

2012; Panyakaew and Bhidayasiri 2013; Kelly and
Shumway-Cook 2014; Stegemdller et al. 2014), bilater-
al gait coordination (i.e., the generation of left-right
antiphase stepping), and swing time (Plotnik et al.
2009; 2011; Tseng et al. 2012; Vervoort et al. 2016)
and (ii) increases in stride time (Panyakaew and
Bhidayasiri 2013; Stegemoller et al. 2014), cadence
(Rochester et al. 2014), stance time (Wild et al. 2013),
stride width (Stegeméller et al. 2014), stride length
asymmetry (Rochester et al. 2014; Vervoort et al.
2016), swing time variability (Stegemoller et al. 2014),
stride time variability, and stride length variability
(Hausdorff et al. 2003; Yogev et al. 2007; Plotnik et al.
2009, 2011; Yogev-Seligmann et al. 2012; Rochester
et al. 2014; Stegemoller et al. 2014). Decreases in arm
swing amplitude and increases in both arm swing asym-
metry and arm swing variability have also been docu-
mented (Mirelman et al. 2016). The few studies that
have examined dual-task-related changes in both gait
and cognitive performance showed a decline in the two
domains (O’Shea et al. 2002; Yogev et al. 2005).

In contradiction with these findings, two studies (Kelly
and Shumway-Cook 2014; Rochester et al. 2014) found
that certain aspects of gait, namely gait speed, stride length,
stride length variability, and stride time variability, were
unexpectedly unaffected under dual-task conditions. This
may be due to the use of an auditory Stroop task (Kelly and
Shumway-Cook 2014) and an auditory Wechsler Forward
Digit Span task (Rochester et al. 2014) as secondary tasks.
Indeed, the auditory modality may provide beneficial cue-
ing effects on gait rhythm through compensatory
cerebellar-parieto-premotor pathways or by facilitating
task prioritization and/or executive attention control
(Rochester et al. 2008). Overall, PD patients were less able
than healthy controls to use a “posture first” strategy (i.e.,
prioritizing walking over other concurrent tasks). In fact,
some patients may give inappropriate prioritization to the
concurrent attention-demanding task, thus, sacrificing at-
tention resources needed for gait by using a “posture
second” strategy (Bloem et al. 2006). Evidence for this
strategy use was observed in several studies in which
explicit instructions regarding task prioritization were not
given (Yogev-Seligmann et al. 2010). Hence, one could
posit that the auditory cueing provided by the cognitive
task improve walking automaticity, and thus reduce the
attentional demands of gait control.

From a neuropathological point of view, theoretical
mechanisms that could explain dual-task-related gait
changes in clinical PD are (i) a reduced movement
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automaticity (i.e., the ability to perform a skilled move-
ment without conscious or executive control or attention
directed toward the movement) and the need for in-
creased reliance on cognitive resources to control gait
because of basal ganglia dysfunction (Wu et al. 2004;
Poldrack et al. 2005), (ii) dopamine-mediated dysfunc-
tion of the basal ganglia (Middleton and Strick 2000),
and (iii) presence of non-dopaminergic pathology, such
as serotonin, norepinephrine (noradrenaline), or acetyl-
choline (Leverenz et al. 2009). Recently, Nieuwhof et al.
(2016) suggest that altered functioning of the prefrontal
cortex may also contribute to difficulties in dual-task
walking. These mechanisms are not mutually exclusive
but might overlap with one another.

Prodromal phase of Parkinson’s disease

There exist three studies that have examined dual-task-
related gait changes in the prodromal phase of PD
(Lerche et al. 2014; Mirelman et al. 2011, 2016). All
of'them have reported dual-task interference during gait.
Specifically, two cross-sectional studies conducted by
Mirelman et al. (2011, 2016) have shown decreases in
arm swing amplitude and axial rotation smoothens and
increases in arm swing variability, arm swing asymme-
try (Mirelman et al. 2016), and stride time variability
(Mirelman et al. 2011) in LRRK2 G2019S mutation
carriers without a clinical diagnosis of PD. The third
study by Lerche et al. (2014) has demonstrated dual-task
decrement in gait speed in patients with mild parkinso-
nian signs to the same extent as non-demented patients
with PD. From a neuropathological point of view, the
authors suggested that impairment of movement auto-
maticity because of early basal ganglia dysfunction and
cognitive inflexibility might explain these changes in
gait under dual-task conditions.

Table 2 summarizes the findings of dual-task-related
gait changes in patients with PD, mild parkinsonian
signs, and LRRK2-G2019S mutation carriers without
a clinical diagnosis of PD.

Summary of methodological issues of dual-task
studies

Currently, a comparison between dual-task studies in the
clinical and prodromal phases of both AD and PD is
made difficult because of the variety of all aspects of the
protocols. Cognitive tasks used include the following:

auditory Stroop task; serial subtraction by ones, threes,
and sevens from a given number (e.g., 100 and 283);
working memory task (i.e., listening to strings of digits
while walking and repeating them back and letter 2-back
task); short story recall memory task; 3-item delayed
recall episodic memory task; and semantic fluency (i.e.,
naming animals and reciting male or female names) or
phonemic fluency (i.e., letters F, A, S, R, G, P, and C)
tasks. Gait tasks used include walking at a comfortable,
self-selected pace or at a maximum pace over varying
distances (6, 8, 9, 10, 11, 15, 12, 25, and 45 m), walking
backward, or walking 3 min). Instruments that have
been used to assess both gait parameters (gait speed,
stride time, stride length, stride height, stride width,
double support time, stride frequency, symmetry, regu-
larity, and gait variability) and cognitive performance
(number of correct responses, reaction time, error rate,
and accuracy) include treadmill, GAITRite®, stop-
watch, Locometrix®, and motion capture system.
Other sources of variability are the choice of the clinical
population (MCI subtypes, different stages of AD: from
moderate to severe), sample size, medication, and sta-
tistical approach (i.e., repeated ANOVA, paired Student
t test, specific dual-task cost formulas). Tables 1 and 2
summarize the different dual-task testing protocols and
findings in both the clinical and prodromal phases of
AD and PD.

Discussion

To our knowledge, this is the first review that provides a
comprehensive overview of dual-task-related gait
changes that are specific to AD and PD (Table 3).

Dual-task-related gait changes in AD at the clinical
stage The pace (i.e., gait speed, stride length, stride time
variability, swing time variability, stance time variabili-
ty, and double support time), rhythm (i.e., stride time,
stance time, swing time, and cadence), variability (stride
length variability and stride width variability), and pos-
tural control (i.e., stride width and stride length asym-
metry) domains of gait showed to be consistently sensi-
tive to dual-task interference in AD. Unfortunately, the
exact neuropathological mechanisms underlying chang-
es in each domain of gait are still unknown. Yet, based
on neuropsychological studies, changes in the pace do-
main could be related to impairments in either executive
attention control (Sheridan et al. 2003; Maquet et al.

@ Springer
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2010; Coelho et al. 2012) or global cognitive functions
(Coelho et al. 2012). Based on the study of Nakamura
et al. (1996), decreased regional cerebral blood flow in
the frontal lobe may also contribute to changes in the
pace domain (particularly, stride time variability). Other
studies suggested that atrophy in the hippocampus and
entorhinal cortex, which are two key regions responsible
for the sequential ordering of movement (Smith and
Milner 1981) may explain changes in both the variabil-
ity and rhythm domains of gait under dual-task condi-
tions (Morris et al. 2016). From a clinical point of view,
dual-task paradigms have been used to distinguish
fallers from non-fallers among AD patients. For exam-
ple, Reelick et al. (2011) showed that only stride length
variability discriminate significantly between the faller
groups in the dual-task, and not the single-task, condi-
tion. Furthermore, if clinicians are seeking further infor-
mation on attention and executive functions of their
patients, dual-task gait paradigms might be of value to
explore the attentional requirement of balance during
locomotion (Amboni et al. 2013; Menant et al. 2014).

Dual-task findings

Dual-task
cost analysis

variability

Axial rotation
smooth-
ness

parameters
Stride time

Gait

Cognitive
parameters

Dual-task-related gait changes in PD at the clinical
stage The rhythm (i.e., cadence, stride time, and stance
time), asymmetry (i.e., stride time asymmetry), postural
control (i.e., stride width and stride length asymmetry),
pace (i.e., gait speed, stride length, stride time variabil-
ity, swing time variability, and double support time
variability), and variability (i.e., stride length variability
and stride width variability) domains of gait, but also
arm swing parameters (i.e., arm swing amplitude, arm
swing variability, and arm swing asymmetry) showed to
be consistently sensitive to dual-task interference in PD.
Biomechanically, gait slowing is mainly due to reduced
stride length. The reason for reduced stride length has
not yet been fully elucidated, although it has been sug-
gested that gait hypokinesia could reflect a difficulty in
activating the locomotor control system (i.e., inadequate
contribution to cortical motor set by the basal ganglia
(Hausdorff 2009). PD patients typically increased their
cadence to compensate for reduced stride length (Morris
et al. 1994). Concerning the other pace parameters,
some studies showed that increases in stride time vari-
ability and swing time variability are likely due to the
inability to generate “internal cues” in the supplemen-
tary motor areas, a necessary step in the creation of a
normal sequenced movement (Yogev et al. 2005)
According to Blin et al. (1990), deficits in muscle
strength, of which the exact neuropathological

Instruments

Gait tasks

Populations Cognitive tasks
[(single-task gait performance — dual-task gait performance)/single-task gait performance x 100

dual-task gait performance — single-task gait performance

(1 — dual-task speed/single-task speed) x 100

HOA healthy older adults, YA younger adults, PD Parkinson’s disease, LRRK2 carriers of the LRRK2-G2019S mutation, MPS mild Parkinsonian signs in older adults, /RBD patients with

REM idiopathic behavioral disorder, 1 increased, | decreased

Table 2 (continued)
#Gait DTC

Studies
 Gait DTC
¢ Gait DTC
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Table 3 Dual-task-related gait changes in the prodromal and Table 3 (continued)

clinical phases of Alzheimer’s and Parkinson’s diseases, including

six domains of spatiotemporal gait parameters inspired from Gait Clinical phase Prodromal phase

Hollman et al. 2011 and Lord et al. 2013 (pace, rhythm, phases, domains

asymmetry, variability, and postural control), and arm swing pa- AD PD AD PD

rameters inspired from Mirelman et al. 2016 (amplitude, variabil-

ity, and asymmetry) 1 arm 1 arm

swing swing

Gait Clinical phase Prodromal phase asym- asym-

domains metry metry

AD PD AD PD 1 arm 1 arm
swing swing

Pace | gait | gait | gaitspeed | gait variabil- variabil-
speed speed | stride speed ity ity

| stride | stride length 1 stride - - - - -
length length 1 stride ime  time AD Alzheimer’s disease, PD Parkinson’s disease, 1 increased, |
tstride 1 stride variability ~ variabil- decreased
time time 1 double ity . L .
variabil-  variabil-  support mechanisms may come from central activation impair-
ity ity time ments (Stevens-Lapsley et al. 2012), may also explain
Tswing 1 swing variability changes in the pace domain. Beyond motor explanation,
tme tme Yogev et al. (2005) suggest that deficits in executive
variabil-  variabil- . .
ity ity attention control may also contribute to these changes
1 stance among PD patients.
time Decreased arm swing amplitude of the more affected
variabil- body side is frequently reported in the literature. Such
ity L
Rhythm | cadence 1 cadence 1 swing time — parameter seems to be related to both rigidity (Kwon
tswing | swing 1 stride time et al. 2014) and dopamine-mediated dysfunction of the
time time basal ganglia (Wu et al. 2015). Also, it mechanically
1 stance 1 stance . . . . ..
time time induces a reduction in both bilateral arm coordination
tstride 1 stride and arm swing symmetry (Lewek et al. 2010; Huang
time time et al. 2012) as well as greater arm swing variability

Phases 1 double 1 double 1 double - (Mirelman et al. 2016). From a neuropathological point
fgl’gm f;:ﬁgm filrlggon of view, these changes in arm swing parameters appear

Asymmetry — 1stide - _ to be linked to the asymmetric process of nigrostriatal

time dopaminergic denervation (Lewek et al. 2010; Huang
asym- etal. 2012). In an effort to clarify the origin of dual-task-
metry . .

Variability 1 stride 1 stride 1 stride related gait changes in P]?, Lord .et al. (2010) have
length length length suggested that some gait domains are levodopa-
variabil-  variabil-  variability sensitive and others are levodopa-resistant. In support
ity ity of this view, Hausdorff (2009) showed that temporal gait

Tt;g; Tssvr;gteh variability is independent of dopaminergic pathways,
variabil-  variabil- and that both spatial gait variability and arm swing
ity ity parameters are dependent of dopaminergic pathways

Postural  fstride 1 stride  — - (Lord et al. 2010). Hence, such findings suggest that

control + S‘gﬁ? + ;Vrﬁ? the latter have potential utility to predict gait dysfunction

length length related to PD (Lord et al. 2010). As for AD, dual-task-

asym- asym- related gait changes in the clinical phase of PD is clin-

_ metry metry ically relevant to detect patients at risk of falls. Also,

Am swing . - L arm - | amm some studies have shown that dual-task walking perfor-
parame- swing swing . . ) .

ters ampli- ampli- mance was associated with gait quality (Kelly et al.

tude tude 2012), freezing (Spildooren et al. 2010), disease sever-

ity, and disability (Fuller et al. 2013).
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Dual-task-related gait changes: comparison between
AD and PD at the clinical stage Even though the neu-
ropathological origin of dual-task-related gait changes is
different between the two diseases, the corresponding
gait patterns display some similarities, particularly in the
pace, rhythm, postural control, and variability domains
of gait. Mechanistically, similar dual-task-related gait
changes between AD and PD are likely due to a limited
attentional capacity (serial bottleneck theory; Pashler
1984, 1994) resulting from more brain damage that
prevents patients to share their attentional resources
and perform both tasks simultaneously (capacity
sharing theory; Tombu and Jolicoeur 2003). In addition,
dysfunction in executive attention, anxiety, and depres-
sion, which are known to have negative effects on
cognition and motor performance, may also be another
common factor (Hausdorff et al. 2003; Beurskens and
Bock 2012). Despite this commonality, gait parameters
between the two patient groups have never been directly
compared. Thus, the question arises as to whether the
dual-task walking paradigm is sensitive enough to char-
acterize specific spatiotemporal gait profiles of AD and
PD, respectively. Such a question has not yet been
addressed in the literature. Nonetheless, our review sug-
gests that the rhythm (i.e., cadence), pace (i.c., stride
length and stride time variability), and variability (i.e.,
stride length variability) domains of gait as well as arm
swing parameters (i.e., arm swing amplitude, arm swing
asymmetry, and arm swing variability) could differenti-
ate these two diseases. Specifically, we suggest that
cadence and arm swing parameters would be more
altered in PD, whereas stride length, stride time variabil-
ity, and stride length variability would be more altered in
AD (Table 3). Further studies comparing patients with
AD, PD, and healthy controls are needed to confirm this
proposal.

The second result that clearly emerges from this
review is that dual-task-related gait changes could po-
tentially be used as prodromal markers for clinical dis-
ease onset.

Added value of the dual-task paradigm in the prediction
of AD and PD Both PD and AD share a long
prediagnostic phase in which gait control under dual-task
conditions is already altered. The dual-task walking para-
digm showed benefit either (i) to explore the involvement
of cortical level in gait control (Beauchet et al. 2014), thus,
allowing to assess whether or not executive attention con-
trol is abnormally impaired, as in prodromal AD or (ii) to
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exhaust compensation strategies aimed at preserving motor
function when the basal ganglia system is altered, as in
prodromal PD. Taking together, it is understandable that
dual-task walking may be a useful tool to reveal deficits
unseen during single-task walking, and therefore be a
particularly sensitive predictor of AD and PD. Given that
the neuropathological profile of PD differs from AD, the
question arises as to whether the dual-task walking para-
digm is sensitive enough to identify disease-specific gait
patterns during the prediagnostic phase. To our knowledge,
this question has not been addressed in the literature.
Currently, decreased gait speed is one of the most reported
gait parameters in the literature for both diseases. Despite
the relevance of such a finding, gait slowing could not be
considered as a specific parameter for either disease, as it
also occurs in healthy aging. From a neuropathological
point of view, gait slowing may be primarily due to
neuropathological mechanisms that are common to normal
aging and neurodegenerative diseases, especially increased
prion-inflammatory makers and vascular burden
(Valkanova and Ebmeier 2017). In the next sections, we
identified dual-task-related changes in other parameters
than gait speed that could be specific to AD and PD at
the prodromal stage.

Dual-task-related gait changes in AD at the prodromal
stage Patients with various subtypes of MCI decrease
their speed under dual-task conditions (Pettersson et al.
2007; Maquet et al. 2010; Montero-Odasso et al. 2009a,
2012; Muir et al. 2012; Doi et al. 2014; Tseng et al.
2014; Tarnanas et al. 2015). This gait slowing may
result from reduced stride length and increased double
support time (Bahureksa et al. 2017) and is mostly due
to cerebrovascular disease (Annweiler et al. 2013).
Besides, the rhythm (i.e., stride time, stance time, and
cadence), pace (i.e., stride length, stride time variability,
and double support time variability), and variability (i.e.,
stride length variability) domains of gait showed to be
consistently sensitive to dual-task interference. Notably,
in a recent meta-analysis including 14 studies,
Bahureksa et al. (2017) found that dual-task walking
highlights the sensitivity of the latter gait parameters for
discriminating between MCI subtypes and healthy con-
trols. Furthermore, it has been shown that dual-task-
related gait changes could differentiate between non-
amnestic and amnestic MCI (Montero-Odasso et al.
2014; Valkanova and Ebmeier 2017). Specifically, the
pace domain (i.e., gait speed and stride length) was more
affected in non-amnestic MCI, whereas the rhythm (i.e.,
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cadence, swing time, stance time, and double sup-
port time) and variability (i.e., stride length vari-
ability and swing time variability) domains were
worse in amnestic MCI (Verghese et al. 2008). Of
note, Verghese et al. (2008) used another model to
study the gait domains compared to the one used
in our review (inspired from Hollman et al. 2011
and Lord et al. 2013).

From a neuropathological point of view, imaging stud-
ies using magnetic resonance spectroscopy in MCI patients
showed that dual-task-related gait changes are associated
with altered neurochemistry (i.e., lower N-acetyl aspartate/
creatine) and lower volume of both the hippocampal and
primary motor cortex (Annweiler et al. 2013). Specifically,
stride length variability was correlated negatively with the
hippocampal neurochemistry, whereas stride time variabil-
ity was correlated negatively with the volume and neuro-
chemistry of the primary motor cortex (Annweiler et al.
2013). Mechanistically, such findings suggest that dual-
task-related gait changes in MCI patients likely result from
impaired frontal-hippocampal circuits that are important in
spatial orientation and navigation (Montero-Odasso et al.
2014). Furthermore, these results highlight the possible
involvement of primary motor cortex changes in the onset
of high-level gait disorders during the prodromal stage of
AD (Annweiler et al. 2013). In addition to imaging data,
neuropsychological studies suggest that reduced perfor-
mance in episodic memory (Montero-Odasso et al.
2014), working memory, and executive attention control
(Maquet et al. 2010) may alter the ability of MCI patients
to execute more than one task at a time. Particularly,
reduced performances in both episodic memory and exec-
utive attention control are strongly associated with stride
time variability (Maquet et al. 2010; Beauchet et al. 2014;
Montero-Odasso et al. 2014). Furthermore, the meta-
analysis of Beauchet et al. (2014) showed that higher stride
time variability was related to both MCI and dementia.
Therefore, dual-task-related changes in stride time variabil-
ity could be a motor signature of MCI, and thus be
potentially used as a marker of cognitive decline before
and during dementia, including AD (Beauchet et al. 2014).
From a neuropathological point of view, such results sug-
gest that dual-task-related gait changes in MCI do not only
result from impaired frontal-hippocampal circuits but also
from fronto-striatal circuits that are important in executive
attention control (Montero-Odasso et al. 2014). Hence, it is
likely that both explanations are relevant to explain dual-
task interference in prodromal AD. Concerning the other
gait domains found in the literature, the specific underlying

mechanisms are unknown. Yet, other neuropsychological
studies suggest that the pace domain of gait (i.e., stride
length) is mainly associated with decreased performance in
both visuospatial abilities and executive attention control
(Magquet et al. 2010). The recent meta-analysis of Morris
et al. (2016) further suggested that the variability (i.e.,
stride length variability) and rhythm (i.e., stride time,
stance time, and cadence) domains of gait could be asso-
ciated with global cognition.

Dual-task-related gait changes in PD at the prodromal
stage LRRK2 G2019S mutation carriers without a clinical
diagnosis of PD (i.c., likely representing a prodromal stage
of PD) decrease their speed under dual-task conditions
(Mirelman et al. 2011, 2016). This gait slowing results
from reduced stride length, which itself is mainly due to
co-contraction of proximal muscles. Besides, stride time
variability and arm swing parameters (i.e., arm swing
amplitude, arm swing variability, and arm swing asymme-
try) are both impaired. According to Mirelman et al.
(2016), the poorer performance of the mutation carriers
may be consistent with initial abnormalities in the central
gait network. Notably, only arm swing parameters under
dual-task conditions discriminate between LRRK2
G2019S mutation carriers and healthy controls. Such find-
ings confirm the sensitivity of dual-task walking to
unmasked compensation strategies aimed at preserving
the motor (gait) function when the basal ganglia system
is altered. Overall, these mechanisms depend on brain
regions relatively unaffected by dopamine depletion, such
as the anterior striatum (Briick et al. 2006; Mounayar et al.
2007). Using fMRI in early-stage PD, Helmich et al.
(2010) showed a shift in cortico-striatal connectivity from
severely affected striatal regions (posterior putamen) to less
affected striatal regions (anterior putamen). If these chang-
es reflect compensation, they should also occur in the
prodromal phase of PD, when a functional reorganization
of cerebral circuits prevents overt clinical symptoms
(Palop et al. 2006). Accordingly, asymptomatic LRRK2
G2019S mutation carriers show a reorganization of
cortico-striatal circuits that mirrors findings in idiopathic
PD (Helmich et al. 2015).

Future directions for clinical research

The findings of this review suggest that dual-task-
related gait changes can be detected in early stages of
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AD and PD and can, therefore, be a marker of these
diseases. However, before its use in clinical practice,
some methodological concerns need clarification. First,
the majority of findings reported in this review come
from transversal studies. Therefore, longitudinal studies
characterizing the continuum of gait profile of AD and
PD from complaints to the clinical expression of the
disease are needed not only to confirm findings from
transversal studies but also to identify a critical threshold
for dual-task-related gait changes which would allow
discriminating healthy populations from pathological
ones. To our knowledge, this threshold is unknown in
the literature. Methodologically, in order to propose a
reliable threshold, it is imperative to take into account
factors modulating the capacity to cope with a concur-
rent cognitive load while walking, among which, the
most important are age, gender, stress, processing speed
(Sleimen-Malkoun et al. 2013), and cognitive reserve
(i.e., the background cognitive capacity that a subject
brings to a given task; Stern 2009). Applying these
methodological recommendations for the conduct of
future research would likely enhance the reliability of
dual-task gait assessment and its large-scale application
in clinical practice.

Another matter that requires further refinement and
clarification is the choice of the secondary cognitive
task. Although the serial subtraction task (substracting
by sevens) has been reported with the highest sensitivity
to challenge dual-task walking performance (Bahureksa
et al. 2017), it remains non-specific to neurodegenera-
tive process underlying AD and PD. Furthermore, this
cognitive task depends on arithmetic skills, which are
very heterogeneous between individuals. In our view, a
way to make better use of dual-task walking paradigms
is to select a secondary cognitive task that both interferes
with gait control and challenges the underlying neuro-
pathological processes (in favor of the bottleneck mod-
el) of each disease. As such, a possible solution comes
from neuropsychological findings that have recently
demonstrated that patients with prodromal AD are par-
ticularly deficient in tasks requiring inhibition (i.e.,
Stroop task; Balota et al. 2010) and patients in prodro-
mal PD in tasks involving cognitive flexibility (i.e., task
set switching; Cools et al. 2001; Lerche et al. 2014).
Importantly, these executive function components are
known to interfere with gait (Maquet et al. 2010; Morris
et al. 2016) and begin to decrease early in the disease
course. Moreover, cognitive flexibility and inhibition
depend on dopamine function in the basal ganglia
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(Berry et al. 2016) and entorhinal cortex (Velayudhan
et al. 2013), respectively. Thus, our proposition, requir-
ing more investigation, could open new avenues to use
gait as a robust marker for prediagnostic AD and PD.

In conclusion, a growing body of evidence shows
that dual-task-related gait changes may be a potential
marker that could increase the likelihood of early detec-
tion of AD and PD. Longitudinal studies and new dual-
task walking paradigms based on the neuropathological
profile of each disease are needed to better understand
the dual-task interference origins and the interaction
between brain damage and gait control, notably by
comparing patients from complaints to disease expres-
sion (preclinical, prodromal, and clinical) from those
who will remain stable.

Acknowledgements This study was supported by the French
National Institute of Health and Medical Research (INSERM) and
the Regional Council of Basse-Normandie.

Compliance with ethical standards

Conflict of interest The authors declare that they have no con-
flict of interest.

References

Allali G, Kressig RW, Assal F et al (2007) Changes in gait while
backward counting in demented older adults with frontal lobe
dysfunction. Gait Posture 26:572-576. doi:10.1016/].
gaitpost.2006.12.011

Amboni M, Barone P, Hausdorff JM (2013) Cognitive contribu-
tions to gait and falls: evidence and implications. Mov Disord
Off J Mov Disord Soc 28:1520-1533. doi:10.1002
/mds.25674

Annweiler C, Beauchet O, Bartha R et al (2013) Motor cortex and
gait in mild cognitive impairment: a magnetic resonance
spectroscopy and volumetric imaging study. Brain J Neurol
136:859-871. doi:10.1093/brain/aws373

Bahureksa L, Najafi B, Saleh A et al (2017) The impact of mild
cognitive impairment on gait and balance: a systematic re-
view and meta-analysis of studies using instrumented assess-
ment. Gerontology 63:67-83. doi:10.1159/000445831

Ballard C, Gauthier S, Corbett A et al (2011) Alzheimer’s disease.
Lancet 377:1019-1031. doi:10.1016/S0140-6736(10)61349-
9

Balota DA, Tse C-S, Hutchison KA et al (2010) Predicting con-
version to dementia of the Alzheimer’s type in a healthy
control sample: the power of errors in Stroop color naming.
Psychol Aging 25:208-218. doi:10.1037/a0017474

Baltadjieva R, Giladi N, Gruendlinger L et al (2006) Marked
alterations in the gait timing and rhythmicity of patients with


http://dx.doi.org/10.1016/j.gaitpost.2006.12.011
http://dx.doi.org/10.1016/j.gaitpost.2006.12.011
http://dx.doi.org/10.1002/mds.25674
http://dx.doi.org/10.1002/mds.25674
http://dx.doi.org/10.1093/brain/aws373
http://dx.doi.org/10.1159/000445831
http://dx.doi.org/10.1016/S0140-6736(10)61349-9
http://dx.doi.org/10.1016/S0140-6736(10)61349-9
http://dx.doi.org/10.1037/a0017474

GeroScience (2017) 39:305-329

325

de novo Parkinson’s disease. Eur J Neurosci 24:1815-1820.
doi:10.1111/j.1460-9568.2006.05033.x

Barnes DE, Yaffe K (2011) The projected effect of risk factor
reduction on Alzheimer’s disease prevalence. Lancet
Neurol 10:819-828. doi:10.1016/S1474-4422(11)70072-2

Beauchet O, Allali G, Berrut G et al (2008) Gait analysis in
demented subjects: interests and perspectives.
Neuropsychiatr Dis Treat 4:155-160

Beauchet O, Allali G, Montero-Odasso M et al (2014) Motor
phenotype of decline in cognitive performance among
community-dwellers without dementia: population-based
study and meta-analysis. PLoS One 9:¢99318. doi:10.1371
/journal.pone.0099318

Berry AS, Shah VD, Baker SL et al (2016) Aging affects dopa-
minergic neural mechanisms of cognitive flexibility. J
Neurosci 36:12559-12569. doi:10.1523
/INEUROSCI.0626-16.2016

Beurskens R, Bock O (2012) Age-related deficits of dual-task
walking: a review. Neural Plast 2012:131608. doi:10.1155
/2012/131608

Bezard E, Fernagut P-O (2014) Premotor parkinsonism models.
Parkinsonism Relat Disord 20(Suppl 1):S17-S19.
doi:10.1016/S1353-8020(13)70007-5

Blin O, Ferrandez AM, Serratrice G (1990) Quantitative analysis
of gait in Parkinson patients: increased variability of stride
length. J Neurol Sci 98:91-97

Bloem BR, Grimbergen YAM, van Dijk JG, Munneke M (2006)
The “posture second” strategy: a review of wrong priorities
in Parkinson’s disease. J Neurol Sci 248:196-204.
doi:10.1016/).jns.2006.05.010

Bohnen NI, Frey KA, Studenski S et al (2013) Gait speed in
Parkinson disease correlates with cholinergic degeneration.
Neurology 81:1611-1616. doi:10.1212/WNL.0b013e3182
a9f558

Boripuntakul S, Lord SR, Brodie MA et al (2014) Spatial vari-
ability during gait initiation while dual tasking is increased in
individuals with mild cognitive impairment. J Nutr Health
Aging 18:307-312. doi:10.1007/s12603-013-0390-3

Braak H, Braak E (1991) Neuropathological stageing of
Alzheimer-related changes. Acta Neuropathol (Berl) 82:
239-259

Briick A, Aalto S, Nurmi E et al (2006) Striatal subregional 6-
[18F]fluoro-L-dopa uptake in early Parkinson’s disease: a
two-year follow-up study. Mov Disord Off J] Mov Disord
Soc 21:958-963. doi:10.1002/mds.20855

Buchman AS, Bennett DA (2011) Loss of motor function in
preclinical Alzheimer’s disease. Expert Rev Neurother 11:
665-676. doi:10.1586/ern.11.57

Buhmann C, Binkofski F, Klein C et al (2005) Motor
reorganization in asymptomatic carriers of a single
mutant Parkin allele: a human model for presymptom-
atic parkinsonism. Brain J Neurol 128:2281-2290.
doi:10.1093/brain/awh572

Buracchio T, Dodge HH, Howieson D et al (2010) The trajectory
of gait speed preceding mild cognitive impairment. Arch
Neurol 67:980-986. doi:10.1001/archneurol.2010.159

Camicioli R, Bouchard T, Licis L (2006) Dual-tasks and walking
fast: relationship to extra-pyramidal signs in advanced
Alzheimer disease. J Neurol Sci 248:205-209. doi:10.1016
/j.jns.2006.05.013

Camicioli R, Howieson D, Lehman S, Kaye J (1997) Talking
while walking: the effect of a dual task in aging and
Alzheimer’s disease. Neurology 48:955-958

Chen H, Burton EA, Ross GW et al (2013) Research on the
premotor symptoms of Parkinson’s disease: clinical and eti-
ological implications. Environ Health Perspect 121:1245—
1252. doi:10.1289/ehp.1306967

Cocchini G, Della Sala S, Logie RH et al (2004) Dual task effects
of walking when talking in Alzheimer’s disease. Rev Neurol
(Paris) 160:74-80

Coelho FG, Stella F, de Andrade LP et al (2012) Gait and risk of
falls associated with frontal cognitive functions at different
stages of Alzheimer’s disease. Neuropsychol Dev Cogn B
Aging Neuropsychol Cogn 19:644—656. doi:10.1080
/13825585.2012.661398

Cools R, Barker RA, Sahakian BJ, Robbins TW (2001)
Mechanisms of cognitive set flexibility in Parkinson’s dis-
ease. Brain J Neurol 124:2503-2512

Doi T, Shimada H, Makizako H et al (2014) Cognitive function
and gait speed under normal and dual-task walking among
older adults with mild cognitive impairment. BMC Neurol
14:67. doi:10.1186/1471-2377-14-67

Ebersbach G, Heijmenberg M, Kindermann L et al (1999)
Interference of thythmic constraint on gait in healthy subjects
and patients with early Parkinson’s disease: evidence for
impaired locomotor pattern generation in early Parkinson’s
disease. Mov Disord Off ] Mov Disord Soc 14:619-625

Fearnley JM, Lees AJ (1991) Ageing and Parkinson’s disease:
substantia nigra regional selectivity. Brain J Neurol 114(Pt 5):
2283-2301

Fuller RL, Van Winkle EP, Anderson KE et al (2013) Dual task
performance in Parkinson’s disease: a sensitive predictor of
impairment and disability. Parkinsonism Relat Disord 19:
325-328. doi:10.1016/j.parkreldis.2012.11.011

Gaenslen A, Swid I, Liepelt-Scarfone I et al (2011) The patients’
perception of prodromal symptoms before the initial diagno-
sis of Parkinson’s disease. Mov Disord Off J Mov Disord Soc
26:653-658. doi:10.1002/mds.23499

Gillain S, Dramé M, Lekeu F et al (2016) Gait speed or gait
variability, which one to use as a marker of risk to develop
Alzheimer disease? A pilot study. Aging Clin Exp Res 28:
249-255. doi:10.1007/s40520-015-0392-6

Harrington MG, Chiang J, Pogoda JM et al (2013) Executive
function changes before memory in preclinical Alzheimer’s
pathology: a prospective, cross-sectional, case control study.
PLoS One 8:¢79378. doi:10.1371/journal.pone.0079378

Hausdorff JM (2009) Gait dynamics in Parkinson’s disease: com-
mon and distinct behavior among stride length, gait variabil-
ity, and fractal-like scaling. Chaos Woodbury N 19:26113.
doi:10.1063/1.3147408

Hausdorff JM, Balash J, Giladi N (2003) Effects of cognitive
challenge on gait variability in patients with Parkinson’s
disease. J Geriatr Psychiatry Neurol 16:53-58

Heinzel S, Roeben B, Ben-Shlomo Y et al (2016) Prodromal
markers in Parkinson’s disease: limitations in longitudinal
studies and lessons learned. Front Aging Neurosci.
doi:10.3389/fnagi.2016.00147

Helmich RC, Derikx LC, Bakker M et al (2010) Spatial remapping
of cortico-striatal connectivity in Parkinson’s disease. Cereb
Cortex N'Y N 20:1175-1186. doi:10.1093/cercor/bhp178

@ Springer


http://dx.doi.org/10.1111/j.1460-9568.2006.05033.x
http://dx.doi.org/10.1016/S1474-4422(11)70072-2
http://dx.doi.org/10.1371/journal.pone.0099318
http://dx.doi.org/10.1371/journal.pone.0099318
http://dx.doi.org/10.1523/JNEUROSCI.0626-16.2016
http://dx.doi.org/10.1523/JNEUROSCI.0626-16.2016
http://dx.doi.org/10.1155/2012/131608
http://dx.doi.org/10.1155/2012/131608
http://dx.doi.org/10.1016/S1353-8020(13)70007-5
http://dx.doi.org/10.1016/j.jns.2006.05.010
http://dx.doi.org/10.1212/WNL.0b013e3182a9f558
http://dx.doi.org/10.1212/WNL.0b013e3182a9f558
http://dx.doi.org/10.1007/s12603-013-0390-3
http://dx.doi.org/10.1002/mds.20855
http://dx.doi.org/10.1586/ern.11.57
http://dx.doi.org/10.1093/brain/awh572
http://dx.doi.org/10.1001/archneurol.2010.159
http://dx.doi.org/10.1016/j.jns.2006.05.013
http://dx.doi.org/10.1016/j.jns.2006.05.013
http://dx.doi.org/10.1289/ehp.1306967
http://dx.doi.org/10.1080/13825585.2012.661398
http://dx.doi.org/10.1080/13825585.2012.661398
http://dx.doi.org/10.1186/1471-2377-14-67
http://dx.doi.org/10.1016/j.parkreldis.2012.11.011
http://dx.doi.org/10.1002/mds.23499
http://dx.doi.org/10.1007/s40520-015-0392-6
http://dx.doi.org/10.1371/journal.pone.0079378
http://dx.doi.org/10.1063/1.3147408
http://dx.doi.org/10.3389/fnagi.2016.00147
http://dx.doi.org/10.1093/cercor/bhp178

326

GeroScience (2017) 39:305-329

Helmich RC, Thaler A, van Nuenen BFL et al (2015)
Reorganization of corticostriatal circuits in healthy G2019S
LRRK2 carriers. Neurology 84:399-406. doi:10.1212
/WNL.0000000000001189

Hollman JH, McDade EM, Petersen RC (2011) Normative spatio-
temporal gait parameters in older adults. Gait Posture 34:
111-118. doi:10.1016/j.gaitpost.2011.03.024

Huang X, Mahoney JM, Lewis MM et al (2012) Both coordination
and symmetry of arm swing are reduced in Parkinson’s
disease. Gait Posture 35:373-377. doi:10.1016/j.
gaitpost.2011.10.180

Ijmker T, Lamoth CJC (2012) Gait and cognition: the relationship
between gait stability and variability with executive function
in persons with and without dementia. Gait Posture 35:126—
130. doi:10.1016/j.gaitpost.2011.08.022

Ittner LM, G6tz J (2011) Amyloid-f3 and tau—a toxic pas de deux
in Alzheimer’s disease. Nat Rev Neurosci 12:65-72.
doi:10.1038/nm2967

Jellinger KA (2012) Neuropathology of sporadic Parkinson’s dis-
ease: evaluation and changes of concepts. Mov Disord Off J
Mov Disord Soc 27:8-30. doi:10.1002/mds.23795

Kelly VE, Eusterbrock AJ, Shumway-Cook A (2012) A review of
dual-task walking deficits in people with Parkinson’s disease:
motor and cognitive contributions, mechanisms, and clinical
implications. Park Dis 2012:918719. doi:10.1155/2012
/918719

Kelly VE, Shumway-Cook A (2014) The ability of people with
Parkinson’s disease to modify dual-task performance in re-
sponse to instructions during simple and complex walking
tasks. Exp Brain Res. doi:10.1007/s00221-013-3737-4

Kwon K-Y, Kim M, Lee S-M et al (2014) Is reduced arm and leg
swing in Parkinson’s disease associated with rigidity or bra-
dykinesia? J Neurol Sci 341:32-35. doi:10.1016/j.
jns.2014.03.041

Lerche S, Hobert M, Brockmann K et al (2014) Mild parkinsonian
signs in the elderly—is there an association with PD?
Crossectional findings in 992 individuals. PLoS One 9:
€92878. doi:10.1371/journal.pone.0092878

Leverenz JB, Quinn JF, Zabetian C et al (2009) Cognitive impair-
ment and dementia in patients with Parkinson disease. Curr
Top Med Chem 9:903-912

Lewek MD, Poole R, Johnson J et al (2010) Arm swing magnitude
and asymmetry during gait in the early stages of Parkinson’s
disease. Gait Posture 31:256-260. doi:10.1016/j.
gaitpost.2009.10.013

Lord S, Galna B, Verghese J et al (2013) Independent domains of
gait in older adults and associated motor and nonmotor
attributes: validation of a factor analysis approach. J
Gerontol A Biol Sci Med Sci 68:820-827. doi:10.1093
/gerona/gls255

Lord S, Rochester L, Hetherington V et al (2010) Executive
dysfunction and attention contribute to gait interference in
“off” state Parkinson’s Disease. Gait Posture 31:169-174.
doi:10.1016/j.gaitpost.2009.09.019

Maetzler W, Hausdorff JM (2012) Motor signs in the prodromal
phase of Parkinson’s disease. Mov Disord Off J Mov Disord
Soc 27:627-633. doi:10.1002/mds.24973

Magquet D, Lekeu F, Warzee E et al (2010) Gait analysis in elderly
adult patients with mild cognitive impairment and patients
with mild Alzheimer’s disease: simple versus dual task: a

@ Springer

preliminary report. Clin Physiol Funct Imaging 30:51-56.
doi:10.1111/j.1475-097X.2009.00903 .x

Marek K, Jennings D (2009) Can we image premotor Parkinson
disease? Neurology 72:S21-S26. doi:10.1212/WNL.0b013
¢318198d197

Marquis S, Moore MM, Howieson DB et al (2002) Independent
predictors of cognitive decline in healthy elderly persons.
Arch Neurol 59:601-606

Marshall GA, Monserratt L, Harwood D et al (2007) Positron
emission tomography metabolic correlates of apathy in
Alzheimer disease. Arch Neurol 64:1015-1020.
doi:10.1001/archneur.64.7.1015

Massano J, Bhatia KP (2012) Clinical approach to Parkinson’s
disease: features, diagnosis, and principles of management.
Cold Spring Harb Perspect Med 2:a008870. doi:10.1101
/cshperspect.a008870

Mayda ABV, Westphal A, Carter CS, DeCarli C (2011) Late life
cognitive control deficits are accentuated by white matter
disease burden. Brain J Neurol 134:1673-1683.
doi:10.1093/brain/awr065

Mclsaac TL, Lamberg EM, Muratori LM (2015) Building a
framework for a dual task taxonomy. Biomed Res Int 2015:
591475. doi:10.1155/2015/591475

Menant JC, Schoene D, Sarofim M, Lord SR (2014) Single and
dual task tests of gait speed are equivalent in the prediction of
falls in older people: a systematic review and meta-analysis.
Ageing Res Rev 16:83-104. doi:10.1016/j.arr.2014.06.001

Middleton FA, Strick PL (2000) Basal ganglia and cerebellar
loops: motor and cognitive circuits. Brain Res Brain Res
Rev 31:236-250

Mielke MM, Roberts RO, Savica R et al (2013) Assessing the
temporal relationship between cognition and gait: slow gait
predicts cognitive decline in the Mayo Clinic Study of Aging.
J Gerontol A Biol Sci Med Sci 68:929-937. doi:10.1093
/gerona/gls256

Mirek E, Rudzinska M, Szczudlik A (2007) The assessment of gait
disorders in patients with Parkinson’s disease using the three-
dimensional motion analysis system Vicon. Neurol
Neurochir Pol 41:128-133

Mirelman A, Bernad-Elazari H, Thaler A et al (2016) Arm swing
as a potential new prodromal marker of Parkinson’s disease.
Mov Disord 31:1527-1534. doi:10.1002/mds.26720

Mirelman A, Gurevich T, Giladi N et al (2011) Gait alterations in
healthy carriers of the LRRK2 G2019S mutation. Ann
Neurol 69:193-197. doi:10.1002/ana.22165

Montero-Odasso M, Bergman H, Phillips NA et al (2009a) Dual-
tasking and gait in people with mild cognitive impairment.
The effect of working memory. BMC Geriatr 9:41.
doi:10.1186/1471-2318-9-41

Montero-Odasso M, Casas A, Hansen KT et al (2009b)
Quantitative gait analysis under dual-task in older people
with mild cognitive impairment: a reliability study. J
Neuroengineering Rehabil 6:35. doi:10.1186/1743-0003-6-
35

Montero-Odasso M, Muir SW, Speechley M (2012) Dual-task
complexity affects gait in people with mild cognitive impair-
ment: the interplay between gait variability, dual tasking, and
risk of falls. Arch Phys Med Rehabil 93:293-299.
doi:10.1016/j.apmr.2011.08.026

Montero-Odasso M, Oteng-Amoako A, Speechley M et al (2014)
The motor signature of mild cognitive impairment: results


http://dx.doi.org/10.1212/WNL.0000000000001189
http://dx.doi.org/10.1212/WNL.0000000000001189
http://dx.doi.org/10.1016/j.gaitpost.2011.03.024
http://dx.doi.org/10.1016/j.gaitpost.2011.10.180
http://dx.doi.org/10.1016/j.gaitpost.2011.10.180
http://dx.doi.org/10.1016/j.gaitpost.2011.08.022
http://dx.doi.org/10.1038/nrn2967
http://dx.doi.org/10.1002/mds.23795
http://dx.doi.org/10.1155/2012/918719
http://dx.doi.org/10.1155/2012/918719
http://dx.doi.org/10.1007/s00221-013-3737-4
http://dx.doi.org/10.1016/j.jns.2014.03.041
http://dx.doi.org/10.1016/j.jns.2014.03.041
http://dx.doi.org/10.1371/journal.pone.0092878
http://dx.doi.org/10.1016/j.gaitpost.2009.10.013
http://dx.doi.org/10.1016/j.gaitpost.2009.10.013
http://dx.doi.org/10.1093/gerona/gls255
http://dx.doi.org/10.1093/gerona/gls255
http://dx.doi.org/10.1016/j.gaitpost.2009.09.019
http://dx.doi.org/10.1002/mds.24973
http://dx.doi.org/10.1111/j.1475-097X.2009.00903.x
http://dx.doi.org/10.1212/WNL.0b013e318198df97
http://dx.doi.org/10.1212/WNL.0b013e318198df97
http://dx.doi.org/10.1001/archneur.64.7.1015
http://dx.doi.org/10.1101/cshperspect.a008870
http://dx.doi.org/10.1101/cshperspect.a008870
http://dx.doi.org/10.1093/brain/awr065
http://dx.doi.org/10.1155/2015/591475
http://dx.doi.org/10.1016/j.arr.2014.06.001
http://dx.doi.org/10.1093/gerona/gls256
http://dx.doi.org/10.1093/gerona/gls256
http://dx.doi.org/10.1002/mds.26720
http://dx.doi.org/10.1002/ana.22165
http://dx.doi.org/10.1186/1471-2318-9-41
http://dx.doi.org/10.1186/1743-0003-6-35
http://dx.doi.org/10.1186/1743-0003-6-35
http://dx.doi.org/10.1016/j.apmr.2011.08.026

GeroScience (2017) 39:305-329

327

from the gait and brain study. J Gerontol A Biol Sci Med Sci
69:1415-1421. doi:10.1093/gerona/glul55

Morris ME, Iansek R, Matyas TA, Summers JJ (1994) The path-
ogenesis of gait hypokinesia in Parkinson’s disease. Brain J
Neurol 117(Pt 5):1169-1181

Morris R, Lord S, Bunce J et al (2016) Gait and cognition:
mapping the global and discrete relationships in ageing and
neurodegenerative disease. Neurosci Biobehav Rev 64:326—
345. doi:10.1016/j.neubiorev.2016.02.012

Morrish PK, Rakshi JS, Bailey DL et al (1998) Measuring the rate
of progression and estimating the preclinical period of
Parkinson’s disease with [18F]dopa PET. J Neurol
Neurosurg Psychiatry 64:314-319

Mounayar S, Boulet S, Tandé D et al (2007) A new model to study
compensatory mechanisms in MPTP-treated monkeys
exhibiting recovery. Brain J Neurol 130:2898-2914.
doi:10.1093/brain/awm208

Muir SW, Speechley M, Wells J et al (2012) Gait assess-
ment in mild cognitive impairment and Alzheimer’s
disease: the effect of dual-task challenges across the
cognitive spectrum. Gait Posture 35:96-100.
doi:10.1016/j.gaitpost.2011.08.014

Miiller MLTM, Bohnen NI, Kotagal V et al (2015) Clinical
markers for identifying cholinergic deficits in Parkinson’s
disease. Mov Disord Off J Mov Disord Soc 30:269-273.
doi:10.1002/mds.26061

Nakamura T, Meguro K, Sasaki H (1996) Relationship between
falls and stride length variability in senile dementia of the
Alzheimer type. Gerontology 42:108-113

Nascimbeni A, Caruso S, Salatino A et al (2015) Dual task-related
gait changes in patients with mild cognitive impairment.
Funct Neurol 30:59-65

Nieuwhof F, Reelick MF, Maidan I et al (2016) Measuring pre-
frontal cortical activity during dual task walking in patients
with Parkinson’s disease: feasibility of using a new portable
fNIRS device. Pilot Feasibility Stud 2:59. doi:10.1186
/s40814-016-0099-2

Nordahl CW, Ranganath C, Yonelinas AP et al (2006) White
matter changes compromise prefrontal cortex function in
healthy elderly individuals. J Cogn Neurosci 18:418-429.
doi:10.1162/089892906775990552

Olson EJ, Boeve BF, Silber MH (2000) Rapid eye movement
sleep behaviour disorder: demographic, clinical and labora-
tory findings in 93 cases. Brain J Neurol 123(Pt 2):331-339

O’Shea S, Morris ME, Iansek R (2002) Dual task interference
during gait in people with Parkinson disease: effects of motor
versus cognitive secondary tasks. Phys Ther 82:888-897

Palop JJ, Chin J, Mucke L (2006) A network dysfunction perspec-
tive on neurodegenerative diseases. Nature 443:768—773.
doi:10.1038/nature05289

Panyakaew P, Bhidayasiri R (2013) The spectrum of preclinical
gait disorders in early Parkinson’s disease: subclinical gait
abnormalities and compensatory mechanisms revealed with
dual tasking. J Neural Transm 120:1665-1672. doi:10.1007
/300702-013-1051-8

Pashler H (1984) Processing stages in overlapping tasks: evidence
for a central bottleneck. J Exp Psychol Hum Percept Perform
10:358-377

Pashler H (1994) Dual-task interference in simple tasks: data and
theory. Psychol Bull 116:220-244

Perrochon A, Kemoun G (2014) The Walking Trail-Making Test is
an early detection tool for mild cognitive impairment. Clin
Interv Aging 9:111-119. doi:10.2147/CIA.S53645

Perrochon A, Kemoun G, Watelain E et al (2015) The “stroop
walking task”: an innovative dual-task for the early detection
of executive function impairment. Neurophysiol Clin Clin
Neurophysiol 45:181-190. doi:10.1016/j.neucli.2015.03.001

Perrochon A, Kemoun G, Watelain E, Berthoz A (2013) Walking
Stroop carpet: an innovative dual-task concept for detecting
cognitive impairment. Clin Interv Aging 8:317-328.
doi:10.2147/CIA.S38667

Petersen RC (2009) Early diagnosis of Alzheimer’s disease: is
MCT too late? Curr Alzheimer Res 6:324-330

Pettersson AF, Olsson E, Wahlund L-O (2005) Motor function in
subjects with mild cognitive impairment and early
Alzheimer’s disease. Dement Geriatr Cogn Disord 19:299—
304. doi:10.1159/000084555

Pettersson AF, Olsson E, Wahlund L-O (2007) Effect of divided
attention on gait in subjects with and without cognitive
impairment. J Geriatr Psychiatry Neurol 20:58-62.
doi:10.1177/0891988706293528

Plotnik M, Giladi N, Dagan Y, Hausdorff JM (2011) Postural
instability and fall risk in Parkinson’s disease: impaired dual
tasking, pacing, and bilateral coordination of gait during the
“ON” medication state. Exp Brain Res 210:529-538.
doi:10.1007/s00221-011-2551-0

Plotnik M, Giladi N, Hausdorff JM (2009) Bilateral coordination
of gait and Parkinson’s disease: the effects of dual tasking. J
Neurol Neurosurg Psychiatry 80:347-350. doi:10.1136
/jnnp.2008.157362

Poldrack RA, Sabb FW, Foerde K et al (2005) The neural corre-
lates of motor skill automaticity. J Neurosci 25:5356-5364.
doi:10.1523/JNEUROSCI.3880-04.2005

Postuma RB, Aarsland D, Barone P et al (2012) Identifying
prodromal Parkinson’s disease: pre-motor disorders in
Parkinson’s disease. Mov Disord Off ] Mov Disord Soc 27:
617-626. doi:10.1002/mds.24996

Reelick MF, Kessels RPC, Faes MC et al (2011) Increased intra-
individual variability in stride length and reaction time in
recurrent older fallers. Aging Clin Exp Res 23:393-399.
doi:10.3275/7327

Rochester L, Galna B, Lord S, Burn D (2014) The nature of dual-
task interference during gait in incident Parkinson’s disease.
Neuroscience 265:83-94. doi:10.1016/j.
neuroscience.2014.01.041

Rochester L, Hetherington V, Jones D et al (2004) Attending to the
task: interference effects of functional tasks on walking in
Parkinson’s disease and the roles of cognition, depression,
fatigue, and balance. Arch Phys Med Rehabil 85:1578-1585

Rochester L, Nieuwboer A, Baker K et al (2008) Walking speed
during single and dual tasks in Parkinson’s disease: which
characteristics are important? Mov Disord Off ] Mov Disord
Soc 23:2312-2318. doi:10.1002/mds.22219

Rolls ET, Grabenhorst F (2008) The orbitofrontal cortex and
beyond: from affect to decision-making. Prog Neurobiol
86:216-244. doi:10.1016/j.pneurobio.2008.09.001

Rucco R, Agosti V, Jacini F et al (2017) Spatio-temporal and
kinematic gait analysis in patients with Frontotemporal de-
mentia and Alzheimer’s disease through 3D motion capture.
Gait Posture 52:312-317. doi:10.1016/j.
gaitpost.2016.12.021

@ Springer


http://dx.doi.org/10.1093/gerona/glu155
http://dx.doi.org/10.1016/j.neubiorev.2016.02.012
http://dx.doi.org/10.1093/brain/awm208
http://dx.doi.org/10.1016/j.gaitpost.2011.08.014
http://dx.doi.org/10.1002/mds.26061
http://dx.doi.org/10.1186/s40814-016-0099-2
http://dx.doi.org/10.1186/s40814-016-0099-2
http://dx.doi.org/10.1162/089892906775990552
http://dx.doi.org/10.1038/nature05289
http://dx.doi.org/10.1007/s00702-013-1051-8
http://dx.doi.org/10.1007/s00702-013-1051-8
http://dx.doi.org/10.2147/CIA.S53645
http://dx.doi.org/10.1016/j.neucli.2015.03.001
http://dx.doi.org/10.2147/CIA.S38667
http://dx.doi.org/10.1159/000084555
http://dx.doi.org/10.1177/0891988706293528
http://dx.doi.org/10.1007/s00221-011-2551-0
http://dx.doi.org/10.1136/jnnp.2008.157362
http://dx.doi.org/10.1136/jnnp.2008.157362
http://dx.doi.org/10.1523/JNEUROSCI.3880-04.2005
http://dx.doi.org/10.1002/mds.24996
http://dx.doi.org/10.3275/7327
http://dx.doi.org/10.1016/j.neuroscience.2014.01.041
http://dx.doi.org/10.1016/j.neuroscience.2014.01.041
http://dx.doi.org/10.1002/mds.22219
http://dx.doi.org/10.1016/j.pneurobio.2008.09.001
http://dx.doi.org/10.1016/j.gaitpost.2016.12.021
http://dx.doi.org/10.1016/j.gaitpost.2016.12.021

328

GeroScience (2017) 39:305-329

Sabatini U, Boulanouar K, Fabre N et al (2000) Cortical motor
reorganization in akinetic patients with Parkinson’s disease: a
functional MRI study. Brain J Neurol 123(Pt 2):394-403

Samuel M, Ceballos-Baumann AO, Blin J et al (1997) Evidence
for lateral premotor and parietal overactivity in Parkinson’s
disease during sequential and bimanual movements. A PET
study Brain J Neurol 120(Pt 6):963-976

Schaafsma JD, Giladi N, Balash Y et al (2003) Gait dynamics in
Parkinson’s disease: relationship to Parkinsonian features,
falls and response to levodopa. J Neurol Sci 212:47-53

Seo EH, Kim H, Lee KH, Choo IH (2016) Altered executive
function in pre-mild cognitive impairment. J Alzheimers
Dis JAD 54:933-940. doi:10.3233/JAD-160052

Sheridan MR, Flowers KA (1990) Movement variability and
bradykinesia in Parkinson’s disease. Brain J Neurol 113(Pt
4):1149-1161

Sheridan PL, Hausdorff JM (2007) The role of higher-level cog-
nitive function in gait: executive dysfunction contributes to
fall risk in Alzheimer’s disease. Dement Geriatr Cogn Disord
24:125-137. doi:10.1159/000105126

Sheridan PL, Solomont J, Kowall N, Hausdorff JM (2003)
Influence of executive function on locomotor function: di-
vided attention increases gait variability in Alzheimer’s dis-
ease. J] Am Geriatr Soc 51:1633-1637

Sleimen-Malkoun R, Temprado J-J, Berton E (2013) Age-related
dedifferentiation of cognitive and motor slowing: insight
from the comparison of Hick-Hyman and Fitts’ laws. Front
Aging Neurosci 5:62. doi:10.3389/fnagi.2013.00062

Smith ML, Milner B (1981) The role of the right hippocampus in
the recall of spatial location. Neuropsychologia 19:781-793

Spildooren J, Vercruysse S, Desloovere K et al (2010) Freezing of
gait in Parkinson’s disease: the impact of dual-tasking and
turning. Mov Disord Off J] Mov Disord Soc 25:2563-2570.
doi:10.1002/mds.23327

Stegemoller EL, Wilson JP, Hazamy A et al (2014) Associations
between cognitive and gait performance during single- and
dual-task walking in people with Parkinson disease. Phys
Ther 94:757-766. doi:10.2522/ptj.20130251

Sterling NW, Cusumano JP, Shaham N et al (2015) Dopaminergic
modulation of arm swing during gait among Parkinson’s
disease patients. J Park Dis 5:141-150. doi:10.3233/JPD-
140447

Stern Y (2009) Cognitive reserve. Neuropsychologia 47:2015—
2028. doi:10.1016/j.neuropsychologia.2009.03.004

Stevens-Lapsley J, Kluger BM, Schenkman M (2012) Quadriceps
muscle weakness, activation deficits, and fatigue with
Parkinson disease. Neurorehabil Neural Repair 26:533-541.
doi:10.1177/1545968311425925

Stoessl AJ (2007) Positron emission tomography in premotor
Parkinson’s disease. Parkinsonism Relat Disord 13:S421—
S424. doi:10.1016/S1353-8020(08)70041-5

Strouwen C, Molenaar EALM, Keus SHJ et al (2016) Are factors
related to dual-task performance in people with Parkinson’s
disease dependent on the type of dual task? Parkinsonism
Relat Disord 23:23-30. doi:10.1016/j.
parkreldis.2015.11.020

Suva D, Favre I, Kraftsik R et al (1999) Primary motor cortex
involvement in Alzheimer disease. J Neuropathol Exp
Neurol 58:1125-1134

Svehlik M, Zwick EB, Steinwender G et al (2009) Gait analysis in
patients with Parkinson’s disease off dopaminergic therapy.

@ Springer

Arch Phys Med Rehabil 90:1880-1886. doi:10.1016/j.
apmr.2009.06.017

Taniguchi Y, Yoshida H, Fujiwara Y et al (2012) A prospective
study of gait performance and subsequent cognitive decline
in a general population of older Japanese. J Gerontol A Biol
Sci Med Sci 67:796-803. doi:10.1093/gerona/glr243

Tarnanas I, Papagiannopoulos S, Kazis D et al (2015) Reliability
of a novel serious game using dual-task gait profiles to early
characterize aMCI. Front Aging Neurosci 7:50. doi:10.3389
/fnagi.2015.00050

Terry RD, Masliah E, Salmon DP et al (1991) Physical basis of
cognitive alterations in Alzheimer’s disease: synapse loss is
the major correlate of cognitive impairment. Ann Neurol 30:
572-580. doi:10.1002/ana.410300410

Tolosa E, Wenning G, Poewe W (2006) The diagnosis of
Parkinson’s disease. Lancet Neurol 5:75-86. doi:10.1016
/S1474-4422(05)70285-4

Tombu M, Jolicoeur P (2003) A central capacity sharing model of
dual-task performance. J Exp Psychol Hum Percept Perform
29:3-18

Tseng BY, Cullum CM, Zhang R (2014) Older adults with
amnestic mild cognitive impairment exhibit exacerbated gait
slowing under dual-task challenges. Curr Alzheimer Res 11:
494-500

Tseng I-J, Jeng C, Yuan R-Y (2012) Comparisons of forward and
backward gait between poorer and better attention capabili-
ties in early Parkinson’s disease. Gait Posture 36:367-371.
doi:10.1016/j.gaitpost.2012.03.028

Valkanova V, Ebmeier KP (2017) What can gait tell us about
dementia? Review of epidemiological and neuropsychologi-
cal evidence. Gait Posture 53:215-223. doi:10.1016/j.
gaitpost.2017.01.024

van lersel MB, Hoefsloot W, Munneke M et al (2004) Systematic
review of quantitative clinical gait analysis in patients with
dementia. Z Gerontol Geriatr 37:27-32. doi:10.1007/s00391-
004-0176-7

Velayudhan L, Proitsi P, Westman E et al (2013) Entorhinal cortex
thickness predicts cognitive decline in Alzheimer’s disease. J
Alzheimers Dis JAD 33:755-766. doi:10.3233/JAD-2012-
121408

Verghese J, Robbins M, Holtzer R et al (2008) Gait dysfunction in
mild cognitive impairment syndromes. J Am Geriatr Soc 56:
1244-1251. doi:10.1111/j.1532-5415.2008.01758.x

Verghese J, Wang C, Lipton RB et al (2007) Quantitative gait
dysfunction and risk of cognitive decline and dementia. J
Neurol Neurosurg Psychiatry 78:929-935. doi:10.1136
/jnnp.2006.106914

Vervoort G, Heremans E, Bengevoord A et al (2016) Dual-task-
related neural connectivity changes in patients with
Parkinson’ disease. Neuroscience 317:36-46. doi:10.1016/].
neuroscience.2015.12.056

Volpe D, Pavan D, Morris M et al (2017) Underwater gait analysis
in Parkinson’s disease. Gait Posture 52:87-94. doi:10.1016/j.
gaitpost.2016.11.019

Wild LB, de Lima DB, Balardin JB et al (2013) Characterization
of cognitive and motor performance during dual-tasking in
healthy older adults and patients with Parkinson’s disease. J
Neurol 260:580-589. doi:10.1007/s00415-012-6683-3

Woollacott M, Shumway-Cook A (2002) Attention and the control
of posture and gait: a review of an emerging area of research.
Gait Posture 16:1-14


http://dx.doi.org/10.3233/JAD-160052
http://dx.doi.org/10.1159/000105126
http://dx.doi.org/10.3389/fnagi.2013.00062
http://dx.doi.org/10.1002/mds.23327
http://dx.doi.org/10.2522/ptj.20130251
http://dx.doi.org/10.3233/JPD-140447
http://dx.doi.org/10.3233/JPD-140447
http://dx.doi.org/10.1016/j.neuropsychologia.2009.03.004
http://dx.doi.org/10.1177/1545968311425925
http://dx.doi.org/10.1016/S1353-8020(08)70041-5
http://dx.doi.org/10.1016/j.parkreldis.2015.11.020
http://dx.doi.org/10.1016/j.parkreldis.2015.11.020
http://dx.doi.org/10.1016/j.apmr.2009.06.017
http://dx.doi.org/10.1016/j.apmr.2009.06.017
http://dx.doi.org/10.1093/gerona/glr243
http://dx.doi.org/10.3389/fnagi.2015.00050
http://dx.doi.org/10.3389/fnagi.2015.00050
http://dx.doi.org/10.1002/ana.410300410
http://dx.doi.org/10.1016/S1474-4422(05)70285-4
http://dx.doi.org/10.1016/S1474-4422(05)70285-4
http://dx.doi.org/10.1016/j.gaitpost.2012.03.028
http://dx.doi.org/10.1016/j.gaitpost.2017.01.024
http://dx.doi.org/10.1016/j.gaitpost.2017.01.024
http://dx.doi.org/10.1007/s00391-004-0176-7
http://dx.doi.org/10.1007/s00391-004-0176-7
http://dx.doi.org/10.3233/JAD-2012-121408
http://dx.doi.org/10.3233/JAD-2012-121408
http://dx.doi.org/10.1111/j.1532-5415.2008.01758.x
http://dx.doi.org/10.1136/jnnp.2006.106914
http://dx.doi.org/10.1136/jnnp.2006.106914
http://dx.doi.org/10.1016/j.neuroscience.2015.12.056
http://dx.doi.org/10.1016/j.neuroscience.2015.12.056
http://dx.doi.org/10.1016/j.gaitpost.2016.11.019
http://dx.doi.org/10.1016/j.gaitpost.2016.11.019
http://dx.doi.org/10.1007/s00415-012-6683-3

GeroScience (2017) 39:305-329

329

‘Wu T, Hallett M, Chan P (2015) Motor automaticity in Parkinson’s
disease. Neurobiol Dis 82:226-234. doi:10.1016/j.
nbd.2015.06.014

‘Wu T, Kansaku K, Hallett M (2004) How self-initiated memorized
movements become automatic: a functional MRI study. J
Neurophysiol 91:1690-1698. doi:10.1152/jn.01052.2003

Yogev G, Giladi N, Peretz C et al (2005) Dual tasking, gait
rhythmicity, and Parkinson’s disease: which aspects of gait
are attention demanding? Eur J Neurosci 22:1248-1256.
doi:10.1111/j.1460-9568.2005.04298 .x

Yogev G, Plotnik M, Peretz C et al (2007) Gait asymmetry in
patients with Parkinson’s disease and elderly fallers: when

does the bilateral coordination of gait require attention? Exp
Brain Res 177:336-346. doi:10.1007/s00221-006-0676-3

Yogev-Seligmann G, Hausdorff JM, Giladi N (2012) Do we
always prioritize balance when walking? Towards an inte-
grated model of task prioritization. Mov Disord Off ] Mov
Disord Soc 27:765-770. doi:10.1002/mds.24963

Yogev-Seligmann G, Rotem-Galili Y, Mirelman A et al (2010)
How does explicit prioritization alter walking during dual-
task performance? Effects of age and sex on gait speed and
variability. Phys Ther 90:177-186. doi:10.2522
/ptj.20090043

@ Springer


http://dx.doi.org/10.1016/j.nbd.2015.06.014
http://dx.doi.org/10.1016/j.nbd.2015.06.014
http://dx.doi.org/10.1152/jn.01052.2003
http://dx.doi.org/10.1111/j.1460-9568.2005.04298.x
http://dx.doi.org/10.1007/s00221-006-0676-3
http://dx.doi.org/10.1002/mds.24963
http://dx.doi.org/10.2522/ptj.20090043
http://dx.doi.org/10.2522/ptj.20090043

	Loss...
	Abstract
	Introduction
	Changes in gait control under single-task condition in Alzheimer’s disease
	Clinical phase of Alzheimer’s disease
	Prodromal phase of Alzheimer’s disease

	Changes in gait control under single-task condition in Parkinson’s disease
	Clinical phase of Parkinson’s disease
	Prodromal phase of Parkinson’s disease

	Changes in gait control under dual-task condition in Alzheimer’s disease
	Clinical phase of Alzheimer’s disease
	Prodromal phase of Alzheimer’s disease

	Changes in gait control under dual-task condition in Parkinson’s disease
	Clinical phase of Parkinson’s disease
	Prodromal phase of Parkinson’s disease

	Summary of methodological issues of dual-task studies
	Discussion
	Future directions for clinical research
	References


