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Abstract.
Background: Gait analysis with accelerometers is a relatively inexpensive and easy to use method to potentially support
clinical diagnoses of Alzheimer’s disease and other dementias. It is not clear, however, which gait features are most informative
and how these measures relate to Alzheimer’s disease pathology.
Objective: In this study, we tested if calculated features of gait 1) differ between cognitively normal subjects (CN), mild
cognitive impairment (MCI) patients, and dementia patients, 2) are correlated with cerebrospinal fluid (CSF) biomarkers
related to Alzheimer’s disease, and 3) predict cognitive decline.

∗Correspondence to: Marijn Muurling, Alzheimer Center Ams-
terdam, Amsterdam UMC, Locatie VUmc, Room PK-1 Z039, De

Boelelaan 1118, 1091 HZ Amsterdam. Tel.: +31 0 20 4448527;
E-mail: m.muurling@amsterdamumc.nl.

ISSN 1387-2877/20/$35.00 © 2020 – IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License (CC BY-NC 4.0).

mailto:m.muurling@amsterdamumc.nl


1062 M. Muurling et al. / Associations of Gait, CSF, and Cognition

Methods: Gait was measured using tri-axial accelerometers attached to the fifth lumbar vertebra (L5) in 58 CN, 58 MCI,
and 26 dementia participants, while performing a walk and dual task. Ten gait features were calculated from the vertical
L5 accelerations, following principal component analysis clustered in four domains, namely pace, rhythm, time variability,
and length variability. Cognitive decline over time was measured using MMSE, and CSF biomarkers were available in a
sub-group.
Results: Linear mixed models showed that dementia patients had lower pace scores than MCI patients and CN subjects
(p < 0.05). In addition, we found associations between the rhythm domain and CSF-tau, especially in the dual task. Gait was
not associated with CSF A�42 levels and cognitive decline over time as measured with the MMSE.
Conclusion: These findings suggest that gait — particularly measures related to pace and rhythm — are altered in dementia
and have a direct link with measures of neurodegeneration.
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INTRODUCTION

Dementia affects almost 50 million people world-
wide [1], and this number is doubling every 20
years [2]. Alzheimer’s disease (AD) is the most fre-
quent cause of dementia, contributing to 60–70%
of all dementia cases [1]. An early and accurate
diagnosis is essential to provide appropriate care,
information, and inclusion to clinical trials. However,
diagnosing correctly can be difficult due to overlap-
ping symptoms, comorbid pathologies, and relatively
general diagnostic guidelines [3]. Biomarkers are of
increasing importance and improve diagnosis accu-
racy, but are not always available [4]. Thus, simple
methods are needed to support clinical diagnosis.
Evaluation of gait is a simple tool that may help
clinicians to identify patients with neurodegenerative
disorders and in this way contribute to an accurate
diagnosis.

Gait is a highly complex movement, which requires
integration of motor control and cognitive function-
ing across large neural networks. It is therefore
likely that even in very early stages of AD, mea-
surable consequences in gait are present [5]. The
presence of gait impairment has been shown in the
preclinical stages of AD [6–9], and both mild cog-
nitive impairment (MCI) and dementia stages of AD
[10–13], but analysis techniques to capture gait fea-
tures are not optimal in these studies. Gait analysis
was done using either simple stopwatches, which
can capture walk speed only, or complex special-
ized gait analysis equipment, such as instrumented
walkways. These instrumented walkways are expen-
sive, spacious, and need specialized personnel, and
are thus less suited for widespread implementation.
Due to recent technological developments, wearable
devices like accelerometers, which are inexpensive,
are now widely available, and validated as a reli-
able gait analysis tool [14]. Gait tests performed with

accelerometers are easy to perform, take little time,
are possible in naturalistic environments, and are thus
easy to implement.

Yet, only a few studies tested gait extensively
in a dementia patient group with wearable devices
like accelerometers [11, 13, 15, 16]. These results
show that gait is associated with cognition [11, 15,
16] and CSF biomarkers [13]. All studies emphasize
that a dual task, in which participants have to per-
form a cognitive task while walking, is essential to
show these associations. However, sample sizes are
small in each study (n < 36), especially when com-
bining gait and AD biomarkers (n < 17) [13]. Hence,
using accelerometers for in-depth gait analysis seems
promising, but still too little is known regarding the
relation with diagnostics and AD biomarkers. There-
fore, this study aims to evaluate the associations
between dynamics of gait and syndrome diagnosis
of dementia, CSF biomarkers of AD pathology, and
cognitive decline over time in a multicenter memory
clinic cohort.

METHODS

Subjects

We included 142 participants from the EU-funded
project Predict ND (Grant Agreement 611005) [17]
from three European memory clinics (Amsterdam
UMC, location VUmc in Amsterdam, The Nether-
lands [18], Rigs hospitalet in Copenhagen, Denmark,
and the University of Eastern-Finland in Kuopio, Fin-
land). The PredictND study was set up with the aim
to develop computer tools to support the clinician in
the differential diagnosis of dementia [3]. Inclusion
criteria for this study were: MMSE at or above 25
and Clinical Dementia Rating (CDR) at or under 1.0.
The exclusion criteria were: diagnosis of previous or
current major psychiatric disorder within the last two
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years, excessive alcohol intake or substance abuse
within the last 2 years, and other known brain dis-
orders that may explain the cognitive problems. All
subjects were clinically diagnosed during the base-
line visit. This could either be cognitively normal
(CN), mild cognitive impairment (MCI) [19], or mild
dementia [20]. Dementia included dementia due to
several etiologies: AD [20, 21], Lewy body dementia
[22], frontotemporal dementia [23], vascular demen-
tia [24], or other. Our study sample included 58 CN,
58 MCI, and 26 dementia participants.

As part of the study protocol [17], subjects
underwent elaborate testing including medical exam-
ination, neuropsychological assessment, and an MRI
scan. A lumbar puncture to collect CSF was per-
formed in a subgroup of 76 participants. One-year
follow-up was available for n = 130 and two-year
follow-up for n = 38. MMSE follow-up scores were
used as measure for cognitive decline. All subjects of
the PredictND study signed informed consent prior
to participation. Ethical approval was obtained in all
three clinics.

Walk tests

All subjects were requested to perform the walking
tests in two conditions (walk and dual task). Subjects
completed the walking tests in a fixed order described
below. Prior to the walking tests, the subject sat on a
chair and received the following task instructions:

Walk task
In sequence: 1) stand up from a chair, 2) walk for

five meters towards a cone, 3) turn around the cone
and walk back to the chair, 4) turn around the chair
and walk back to the cone, 5) turn around the cone and
walk back to the chair, and 6) sit back down on the
chair. Subjects were instructed to complete this task
as quickly as they could do comfortably. Figure 1
provides a graphic representation of the task instruc-
tions.

Dual task
For this condition, instructions were similar to the

walking test described above. However, in addition
subjects were instructed to count back from 100 to 0
while completing the task.

During the walking tests, four tri-axial Acti Graph
wGT3X-BT accelerometers (ActiGraph LCC, Pen-
sacola, FL) attached to the right ankle, left ankle,
right trouser pocket, and the fifth lumbar vertebrae
(L5) of the subject collected acceleration data. The

Fig. 1. The walking trajectory during both the walk and dual task.
Participants were asked to stand up from the chair, walk around
the cone, walk around the chair, again around the cone and back
to the chair. The distance between the chair and the cone was 5
meters.

accelerometers measured accelerations in their local
coordinate system in the x, y, and z direction at a rate
of 50 Hz. Measurements started manually prior to the
start of each trial, and stopped manually once the sub-
ject had completed a task. After completion of the
walking test, raw data was uploaded using ActiLife
6 application (version v6.11.4).

Data processing and features

To determine gait features, the vertical acceleration
data from the accelerometer attached to L5 was used
[25], while the accelerations measured by the remain-
ing accelerometers were used for confirmation of the
algorithm. Data analysis was performed using cus-
tom software programmed in MATLAB 2011a (Math
Works, Natick, MA). Using this custom written soft-
ware, we performed the following data processing
steps for each participant in each condition (walk task
and dual task):

Algorithm 1: Determining the start and end of a
walking test

The start of a walking test was defined as the first
instance where the standard deviation of three suc-
cessive data points was larger than 0.1 m/s2. This
corresponds to the first instance in which a signifi-
cant vertical acceleration occurred, i.e. the start of a
series of gait cycles. Similarly, the end of a walking
test was defined as the last instance where the stan-
dard deviation of three successive data points was
larger than 0.1 m/s2.

Algorithm 2: Determining the initial and final
contact of each gait cycle

Walking consists of a series of gait cycles. To facil-
itate calculation of features, for each gait cycle the
point of initial contact (IC) and final contact (FC)
was determined using the algorithm described by
McCamley et al. [25] and validated by Del Din et al.
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[14] and Bugane et al. [26]. In short: the integrated
vertical acceleration of L5 was differentiated using a
Gaussian continuous wavelet transform (CWT). The
ICs were defined as the local minima of the CWT
and the FCs were defined as the local maxima of
the differentiated CWT. To optimize the algorithm,
it was defined that IC and FC intervals should be at
least 0.24s to be detected [14]. Furthermore, ICs and
FCs had to alternate. Therefore, when multiple IC or
FC events happened after each other, only the last
instance was considered as the event.

Algorithm 3: Determining features of gait
Using the start and end points of each walking test

(Algorithm 1), in combination with the initial and
final contact of the gait cycles (Algorithm 2), the fol-
lowing ten features were determined (Table 1): mean
stance time, stride time, swing time, step length and

velocity, step frequency, and stance time, stride time,
swing time, step length variability (see Table 1 for a
description and equations). Stance, stride, and swing
time were calculated on the basis of the IC and FC
events [14]. To calculate the step length, an inverted
pendulum model was used [27]. The vertical dis-
placement (h) was calculated as the amplitude of the
filtered (high pass 4th order Butterworth filter, cutoff
frequency 1 Hz) double integrated vertical accelera-
tion of L5. The leg length (l) was calculated as a ratio
of the participant’s height (l = height ∗ 0.53), which
was found to be a reliable method [14].

Gait domains

To reduce the number of outcomes and combine
highly correlated gait features, a principal compo-
nents analysis (PCA) was conducted to create gait

Table 1
Description of ten gait features in both walk and dual task

Gait feature Unit Description Equation Domain

Mean stance time s Average time of the stance
phase during one step cycle,
between initial contact and
final contact of one leg.

tstance (i) = FC (i + 1) − IC (i) Rhythm

tstance =
∑N

i=1
tstance(i)

N

Mean stride time s Average time of one step
cycle, between initial contact
and subsequent initial
contact of the same leg.

tstride (i) = IC (i + 2) − IC (i) Rhythm

tstride =
∑N

i=1
tstride(i)

N

Mean swing time s Average time of the swing
phase during one step cycle.

tswing (i) = tstride (i) − tstance (i) Rhythm

tswing =
∑N

i=1
tswing(i)

N

Cadence Steps/min Step frequency cadence = N∑N

i=1
tstride (i)

60

Rhythm

Stance time variability s Standard deviation of stance
time

σstance = sd (tstance) Time variability

Stride time variability s Standard deviation of stride
time

σstride = sd (tstride) Time variability

Swing time variability s Standard deviation of swing
time

σswing = sd
(
tswing

)
Time variability

Mean step length m Average distance covered
between initial contact of
one leg and initial contact of
other leg

lstep (i) = 2
√

2lh (i) − h(i)2 Pace

lstep =
∑N

i=1
lstep(i)

N

Velocity m/s Mean velocity during entire
task

v =
∑N

i=1
lstep(i)

∑N

i=1
tstride(i)

Pace

Step length variability m Standard deviation of step
length

σsteplength = sd
(
tsteplength

)
Length variability

Ten gait features with their units, description, formula, and domain, as measured during both the walk and dual task. s, second; min, minute;
FC, final contact; IC, initial contact; i, ith gait cycle; sd, standard deviation; m, meter; N, total number of steps during one walk task; h,
vertical hip displacement; l, leg length, calculated as a ratio of the participant’s height.
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domains [28]. The PCA was conducted twice (once
for the walk task, and once for the dual task) on either
the 10 walk gait features, or the 10 dual gait features,
with orthogonal rotation (varimax). For the walk task,
Bartlett’s test of sphericity, χ2(45) = 6066, p < 0.001,
indicated that correlations between items were suf-
ficiently large for PCA. Based on an eigenvalue
cutoff at 0.7 [29] and convergence of the scree plot,
four components were retained in the final analysis,
explaining 90% of the variance. The items that clus-
ter on the same components (gait domains) suggested
that component 1 represented rhythm (consisting of
cadence, mean stride, swing and stance time), com-
ponent 2 represented time variability (consisting of
stance, stride and swing time variability), compo-
nent 3 represented pace (consisting of step length
and velocity), and component 4 represented length
variability (consisting of step length variability), as
shown in Table 1, in accordance with the study of
Darweesh et al. [28]. For the dual task, the same PCA
method showed similar results, resulting in the same
gait domains.

Cerebrospinal fluid biomarkers

CSF was available in 76 participants. CSF-A�1–42
(A�), total tau, and phosphorylated tau (p-tau) lev-
els were measured using a commercially available
ELISA assay (Innotest, Fujirebio, Ghent, Belgium) in
all centers. Since total tau and p-tau correlate highly
(r = 0.97), only total tau was used for analysis in the
main text, while p-tau outcomes are included in the
Supplementary tables.

Statistical analysis

Baseline characteristics were compared between
CN, MCI, and dementia groups using an analysis of
variance (ANOVA), t-test, Kruskal-Wallis test, or chi-
squared test when appropriate. Post-hoc analysis was
performed with t-tests or Wilcoxon signed-rank tests
with Bonferroni correction.

First, we examined the relation between syndrome
diagnosis and gait domains using linear mixed mod-
els. The model included a between factor diagnosis
group, a within factor condition (dual or walk task),
and the interaction term diagnosis group * condi-
tion. Each model was adjusted for age, sex, and
research center, and we assumed a random intercept
for each participant. The gait domain factor loads
were used as dependent variables (separate mod-
els for each gait domain). Second, we examined the
relation between CSF biomarkers and gait domains.
The model included terms for CSF level (separate
models for either A� or total tau), a within factor
condition (dual or walk task), and the interaction
term CSF level * condition. The gait domain fac-
tor loads were used as dependent variable (separate
models for each gait domain). Finally, we examined
the effect of gait domain performance on cognitive
decline over time as measured using MMSE. The
model included terms for gait domain factor loads
(separate models for each gait domain), time, and
condition (dual or walk task), including all inter-
action effects of gait domain, time, and condition.
MMSE scores were used as dependent variable. All
models were adjusted for age, sex, and research

Table 2
Baseline characteristics of groups based on syndrome diagnosis

Total CN MCI Dementia Group-wise comparisons
(N = 142) (N = 58) (N = 58) (N = 26)

Age in years 67 (9) 64 (8) 71 (9) 68 (9) p < 0.001*
Female, n (%) 67 (47) 33 (57) 22 (38) 12 (46) p = 0.12
BMI in kg/m2 26 (4) 26 (4) 26 (4) 24 (3) p = 0.20
Education in years 13 (4) 14 (4) 12 (4) 14 (5) p = 0.057
MMSE 28 (2) 29 (1) 28 (2) 27 (2) p < 0.001*

• 1-year FU available, n 130 53 52 25
• 2-year FU available, n 38 30 8 0

CSF available, n (%) 76 (54) 34 (59) 22 (38) 20 (77)
A�1–42 (pg/ml) 840 (317) 983 (289) 822 (289) 616 (265) p < 0.001*
Total tau (pg/ml) 406 (271) 412 (310) 376 (245) 428 (235) p = 0.67
p-tau (pg/ml) 58 (29) 60 (34) 53 (25) 60 (25) p = 0.54
Nosological diagnosis, n

• AD 16
• Other 10

Data is represented as Mean (SD), unless specified otherwise. CN, cognitively normal; MCI, mild cognitive impairment; BMI, body mass
index; MMSE, Mini-Mental State Examination; FU, follow-up; CSF, cerebrospinal fluid; AD, Alzheimer’s disease. The ‘other’ category of
the nosological diagnosis consisted of 2 dementia with Lewy bodies, 2 frontotemporal dementia, 2 AD and vascular dementia, and 4 other.
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center and assumed random intercepts for each par-
ticipant.

A p-value of 0.05 was considered significant. Sta-
tistical analyses were performed using R [30].

RESULTS

From the 142 participants completing the walk
task, 126 participants completed the dual task as
well. Table 2 shows the baseline characteristics of the
groups based on syndrome diagnosis. MCI patients
were older than the CN (p < 0.001). MCI (p = 0.002)
and dementia groups (p = 0.002) had lower MMSE
scores than the CN group but there were no signifi-
cant differences between MCI and dementia groups.
The dementia group showed lower A� levels than
the CN group (p < 0.001), but not than the MCI
group (p = 0.057). No between-group differences
were found on any other demographic parameters.

Syndrome diagnosis and gait

First, we used linear mixed models to examine
the association between syndrome diagnosis and gait
domains (Fig. 2, row 1). There was a main effect
of diagnosis, as the dementia group showed lower
scores in the gait domain pace compared to the MCI
group (� ± SE = –1.13 ± 0.52, p = 0.03) and the CN
group (� ± SE = –1.24 ± 0.53, p = 0.02). No differ-
ences were seen between the MCI and CN group
(� ± SE = –0.11 ± 0.49, p = 0.82). There was an inter-
action between condition and group (p = 0.053), as
MCI and dementia patients had more severe impair-
ments in the dual condition than in the walk condition.
When stratifying for condition, in the walk task the
dementia group showed lower pace scores than the
MCI group (� ± SE = –1.06 ± 0.52, p = 0.04) and CN
group (� ± SE = –0.92 ± 0.54, p = 0.09), and in the
dual task the dementia group showed also lower
scores than the MCI group (� ± SE = –1.03 ± 0.54,
p = 0.056) and CN group (� ± SE = –1.15 ± 0.58,
p = 0.049). Similar effects were seen when only AD
dementia patients were included in the dementia
group (Supplementary tables). No effects were found
in the other domains (Supplementary tables).

CSF biomarkers and gait

Second, we examined the relation of CSF biomark-
ers with gait domains (Fig. 2, row 2–3). No effects
were found for A�. For total tau, effects were

found within the domain rhythm: a main effect
of CSF total tau (� ± SE = 0.003±–0.001, p = 0.03)
and an interaction between condition and total tau
(p = 0.04), which means that the effect of CSF
on the gait domain rhythm is higher in the dual
task. When stratifying for condition, the results
were driven by the dual task, in which CSF total
tau showed an effect on the gait domain rhythm
(� ± SE = 0.003 ± 0.001, p = 0.069), but not in the
walk condition (� ± SE = 0.0009 ± 0.001, p = 0.53).
Similar effects were seen when only AD dementia
patients were included in the dementia group (Sup-
plementary tables).

Cognitive decline and gait

Third, we examined if the scores on the gait
domains were associated with cognitive decline over
time. There were neither associations with baseline
MMSE (main effect rhythm: � ± SE = 0.00 ± 0.05,
p = 0.998; time variability: � ± SE = –0.002 ± 0.06,
p = 0.97; pace: � ± SE = 0.05 ± 0.09, p = 0.55; length
variability: � ± SE = –0.12 ± 0.15, p = 0.41), nor
change in MMSE (p > 0.10).

DISCUSSION

The main findings of our study are that gait is
associated with both syndrome diagnosis and CSF
tau, but not with longitudinal cognitive decline. The
dual task, which is the cognitively complex walk task,
was essential to show the association between CSF
total tau and gait. These findings show that gait anal-
ysis with accelerometers is a potential simple, yet
effective tool to support clinical diagnosis.

Gait and syndrome diagnosis

We found that the gait domain pace, consisting
of velocity and step length, was lowered in the
dementia group compared to the MCI group and CN
group. This suggests that dementia patients walk with
smaller steps and lower velocity than MCI patients
and CN people, which is in accordance with various
studies reviewed by Scherder et al. [31] and Morris
et al. [5]. The gait domains rhythm, time and length
variability did not show any differences between the
diagnosis groups, which is also in accordance with
the reviewed studies by Morris et al. [5]. The study
of Darweesh et al. [28], however, found an associ-
ation between cognitive decline, rhythm, and pace,
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Fig. 2. Row 1: The means and their 95% confidence interval for the four gait domains for both the dual (solid line) and walk (dashed line) task for the groups based on their syndrome diagnosis,
disregarding the etiology causing the symptoms. When adjusted for age, sex, and center, only pace was associated with diagnosis group. Row 2–4: Regression lines and their 95% confidence
interval of the four gait domains with A�, total tau and their ratio for the walk (dashed line) and dual (solid line) task separately. Each dot represents one trial of one participant, circles represent
cognitively normal participants, squares represent MCI participants, and triangles represent dementia participants. When adjusted for age, sex, and center, only rhythm was associated with
total tau.
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which may be explained by the number of participants
and calculation of the gait features. It suggests that
when using simple accelerometers to calculate sev-
eral gait features, gait velocity and step length have
the best ability to differentiate between different diag-
nosis groups. Effects of the dementia and MCI group
compared to the CN group interacting with condi-
tion suggests that CN people react differently to the
dual task than MCI and dementia patients (Fig. 2).
This finding confirms that performing the dual task
is helpful in finding a difference between the CN and
MCI group, which is in accordance with previous
literature [11, 32].

Gait and CSF biomarkers

The gait domain rhythm was found to be associated
with total tau in CSF. When stratifying for condition,
this effect was mainly driven by the dual task. This
suggests again that the dual task is essential in gait
analysis in cognitively impaired people. Our study
confirms the results of the study of Åhman et al. [33];
they found correlations between the cognitive task in
a dual walk task and p-tau and total tau and therefore
concluded that neurodegeneration may affect dual-
task performance.

This study did not find any associations with CSF
A�, although it was expected that AD pathology, and
A� pathology in particular, would affect gait perfor-
mance. The opinions in previous literature are divided
regarding the relation of A� and gait impairment. For
example, the findings in our study were in accordance
with the study of Åhman et al. [33], who did not find a
relationship between CSF A� and gait features. Addi-
tionally, Koychev et al. [13] showed correlations of
amyloid levels in CSF with gait features, but did not
find any correlations with A�42, which we analyzed
in this study. This is contradictory to several studies
using A� PET scans, although it is unsure whether the
effects are the result of A� pathology or concomitant
neurodegeneration: a positive relation between A�
deposition and gait speed is shown in CN [7, 9, 34],
dementia patients [35], and postmortem research [36]

Altogether, the scientific evidence regarding A�
and gait impairment is divided and therefore more
research is needed before gait can be used as sup-
port for AD diagnosis. Tau is, however, a measure
which is shown to be related with gait impairment
and neurodegeneration [37]. This suggests that gait
impairment is rather related to neurodegeneration in
general than to AD pathology specifically.

Gait and cognitive decline

No association was found between gait and cog-
nitive decline as measured with the MMSE. This
finding is contradictory to the results found in
prospective cohort studies in the general population
[28, 38]. Hooghiemstra et al. [8] performed similar
gait tests with extensive neuropsychological tests as
measure for cognitive decline in a larger sample size
(n = 309) than our study, but did not find any sig-
nificant associations with walk velocity either. These
discrepancies may be the result of a small sample size
in our study, although Hooghiemstra et al. [8] discuss
that it is not solely a power problem. Other possi-
ble explanations are the selection of mild dementia
patients (MMSE > 25), short follow-up duration, and
relatively young participants compared to a typical
dementia cohort, which means that they probably
experience less vascular damage and frailty than aver-
age elderly with cognitive impairment.

Strengths and limitations

This study showed that in-depth gait analysis is
possible with simple and inexpensive accelerometers
and applicable to memory clinic patients. This study
is the first multicenter study investigating the relation-
ship of gait performance and CSF values in a larger
sample size. Our cohort represented a patient pop-
ulation in a memory clinic with different levels of
cognitive impairment, who underwent standardized
gait tests. However, although our study had a larger
sample size than previous studies, sample size was
still fairly small. Another limitation is that selection
bias could have occurred since the inclusion crite-
rion was a MMSE score of at least 25, including
the dementia group. When more severely demented
or older patients participate, effects might have been
larger.

Conclusion and recommendations

In conclusion, this study shows that gait 1) sup-
ports syndrome diagnosis, and 2) is associated with
tau, but not with A�. Dual tasks are essential to
distinguish MCI patients from CN participants, and
to show the association with tau. Further research
should focus on creating probability distributions
for (combinations of) gait features. If probability
distributions are available, as a next step, the imple-
mentation of gait analyses in clinical practice can
be studied. For this, we recommend to include dual
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tasks, in order to distinguish between early stages
of the disease. Accelerometers in widely available
smartphones can be used, which are proven to be
reliable and accurate sensors [39]. Additional to the
accelerometers, we recommend to use gyroscopes,
which are already present in smartphones, to make
analysis more accurate. In this way, in-depth gait
analysis with inexpensive and easy to use accelerom-
eters can potentially contribute to diagnosis support.
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