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Abstract: The ability of people living with dementia to walk independently is a key contributor to
their overall well-being and autonomy. For this reason, understanding the relationship between de-
mentia and gait is significant. With rapidly emerging developments in technology, wearable devices
offer a portable and affordable alternative for healthcare experts to objectively estimate kinematic
parameters with great accuracy. This systematic review aims to provide an updated overview and
explore the opportunities in the current research on wearable sensors for gait analysis in adults over
60 living with dementia. A systematic search was conducted in the following scientific databases:
PubMed, Cochrane Library, and IEEE Xplore. The targeted search identified 1992 articles that were
potentially eligible for inclusion, but, following title, abstract, and full-text review, only 6 articles
were deemed to meet the inclusion criteria. Most studies performed adequately on measures of
reporting, in and out of a laboratory environment, and found that sensor-derived data are successful
in their respective objectives and goals. Nevertheless, we believe that additional studies utilizing
standardized protocols should be conducted in the future to explore the impact and usefulness of
wearable devices in gait-related characteristics such as fall prognosis and early diagnosis in people
living with dementia.

Keywords: gait; gait assessment; wearable devices; sensors; inertial measurement unit; dementia; falls

1. Introduction

The ability of people living with dementia to walk independently is a key contributor
to their overall well-being and autonomy. People experiencing dementia often manifest
motor dysfunctions that impact their independence and quality of life. Gait disorders
in dementia can be classified as “higher level” gait conditions [1,2] leading to reduced
mobility, falls or fear of falling (FoF), and disability, which can result in increased risk of
death [3–5].

Some of the most common gait assessment techniques used to evaluate mobility im-
pairment in this population include questionnaires, scales, or objective clinical observation
tests. For example, the Timed Up and Go (TUG) test [6] requires minimum equipment
and can deliver almost an immediate mobility evaluation that can be reported to the
tested person. Likewise, the Short Physical Performance Battery (SPPB) [7] is also a quick
assessment measure used to evaluate lower extremity functioning and mobility in older
persons. Although these clinical gait assessments are widely accepted, they are partially
subjective in the sense that the gait evaluation process is carried out by individual special-
ists who observe the quality of a patient’s gait. This process is sometimes followed by a
survey in which the patient is asked to give their subjective gait quality evaluation, which
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may result in a negative effect on the diagnosis accuracy, follow-up, and treatment of the
pathologies [8].

When looking at gait assessment equipment, the current common lab-based solutions
include motion sensing technologies with markers attached to the body, force plates to
measure ground reaction forces, special treadmills equipped with different sensors, and
electromyography (EMG) systems. These traditional devices allow assessment of kinematic
parameters with a great accuracy but typically come with cost and portability limitations.

On the other hand, wearable sensors have the benefits of small size, minimal weight,
and low cost, which make them attractive to real-world gait and fall assessments [9,10].

These devices have become popular in a wide range of applications in recent years.
Wearable technology can be applied in different domains, from fitness and healthcare to dis-
ability service, providing a simplified alternative, or “add-on”, to more costly and strictly
lab-based methods of quantifying gait characteristics [11–13]. Wearable technologies incor-
porate aspects of traditional gait analysis techniques into everyday wearables. For example,
smart in-shoe insoles [14–18] aim to obtain ground reaction force measurements in or out
of lab environments. The most widely used insole models are capacitive, piezoelectric, and
piezoresistive sensors. The selection of sensor type relates to the range of pressure it will
withstand, its sensitivity, and the linearity of the output signal [8]. In addition, inertial
measurement units (IMUs) are a useful method of kinematic data collection, due to their
reduced size and the low cost of their components. With ability to record physical activity
measurement both in clinical practice and at home, IMUs are a leading contender in the
field. Recorded data is usually based on accelerometer, gyroscope, and magnetometer
sensors, which allow an objective estimation of kinematic parameters with great accuracy,
as well as the position, acceleration, and speed produced during physical activity [19].

As dementia is associated with gait performance and plays a key role in the quality of
life of millions of people, it is important to fully understand the relationship between these
two parameters. With daily improvements in wearable technologies and the rapidly in-
creasing number of papers investigating wearables for gait assessment in people living with
dementia, it is valuable to frequently review the literature to report on the latest findings.

This systematic review aims to provide an updated overview and explore the oppor-
tunities in the current research on wearable sensors for gait analysis in adults over 60 living
with dementia. The review will focus on the objectives and study designs that collected
gait activity data in and out of laboratory environments using portable and cost-effective
body-worn sensors.

2. Methods
2.1. Search Strategy for Identification of Studies

In order to structure reliably of the gathered information in this systematic review,
the guidelines and recommendations contained in the PRISMA statement [20] have been
followed. The following electronic databases were searched: PubMed, Cochrane Library,
and IEEE Xplore, to identify articles published from 1 January 2010 to 31 August 2021. The
search terms combination used were (wearable* OR device OR assistive* OR sensor* OR
inertial*) AND (walk* OR gait* OR gait quality OR gait analysis OR gait assessment OR bal-
ance OR equilibrium OR motor activity OR recovery OR rehabilitation OR kinematic) AND
(dementia OR cognitive disorder OR cognitive impairment OR neurocognitive disorder).

2.2. Study Selection

After detection and removal of duplicated manuscripts, two authors (Y.W. and O.T.)
independently screened all titles and abstracts of the literature search. If the record ap-
peared relevant or if relevance was not immediately clear, the full text of the article was
saved as a potential study to this review. Literature management was performed using
RAYYAN [21], an online systematic review tool software. The following inclusion criteria
for the studies were defined:

1. Original research articles in peer reviewed journals in the English language;
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2. Studies including human individuals over 60 years old, with existing dementia;
3. Studies that focused on gait assessment using body-worn, sensor-based tools in a

clinical or community-based setting or in a “real life” environment;
4. Wearable devices would be small and easy to use and unobtrusive for the desired

gait analysis.

We excluded any articles if: (a) used animal models, (b) no dementia participant group
was included, (c) participant younger than 60 years, and (d) if study was not focused on
gait analysis.

Although dementia is more common in older adults over 65, which is the focus group
of our review, we decided to lower the age to 60 to allow more studies to be included in
this review.

2.3. Data Extraction

Information from the selected studies was extracted into two tables. Table 1 represents
the study characteristics, that is, country where the study was conducted, aim, population
type, selection criteria of dementia participants, and dementia participants characteristics.
Table 2 outlines the study parameters and outcome measures including sensor type, sensor
body location, gait parameters (i.e., a record of all variables computed from each wearable
sensor signal), gait experimental protocol, study environment (i.e., indoor or outdoor, type
of surface, or location) and key outcomes.

2.4. Methodological Quality

As this review represents a summary of wearable-based gait analysis studies, con-
ducted outside (everyday) and inside of the lab environment, the quality of each of the
included articles was assessed using a custom quality assessment worksheet (Table 3).
The table was adapted from [22], which was originally derived from two methods of
quality assessment outlined by Campos et al. [23] and Downs and Black [24]. The quality
assessment consists of 12 items distributed between four sub-scales including reporting,
external validity, internal validity (bias), and power analysis. Two authors (Y.W. and O.T.)
independently evaluated the methodological quality of each study included in this sys-
tematic review. Each item had two possible answers: “Yes” or “No”. Any disagreement in
scoring between authors was discussed until an agreement was reached.

3. Results
3.1. Search Results

The strategy of the literature review process and the selection of articles is presented
in Figure 1. After a database search, a total of 1992 potentially relevant papers were found.
Next, 857 papers were removed based on article duplication and title screening, and an
additional 1014 were excluded based on abstract screening. Following the removal of these
manuscripts, 121 publications were subjected to more detailed full-text analysis based on
inclusion/exclusion criteria, of which a total of 6 final papers [25–30] were identified to be
included in this systematic review.
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Figure 1. Strategy of literature review process.

3.2. Study Characteristics

Table 1 shows the study and participant characteristics for all six selected studies that
used a sensor-based wearable for gait assessment in people with dementia, for different
purposes. Three studies [26–28] focused on falls prognosis and risk factors such as cognitive
functioning and Fear of Falling (FoF). One study [25] aimed to assess whether an IMU
wearable could differentiate dementia disease subtypes. One study [30] focused on the
impact of different environments (lab and real-world) on gait, and another study [29]
investigated the differences in executive functioning during single and dual tasking. The
included studies were published in the past ten years, between 2012 and 2021, and assessed
gait in people living with dementia using body-worn sensors. The total population sample
size ranged from 40 to 85 participants with the age ranged from 60 to 88 years old. All
six studies included mixed genders and selection criteria based on initial cognitive and
gait evaluation of the participants as part of the inclusion and exclusion process. Three
studies were [25,27,30] conducted in the UK, two [25,30] of those by the same research
group, two [26,28] in Germany, and one [29] in the Netherlands.

3.3. Study Parameters and Outcome Measures

Table 2 shows the summary of the parameters and outcome measures of the selected
studies. To obtain data, all six studies used one or two IMU sensors that were attached to
the body around the trunk.

3.3.1. Sensor Type and Body Location

All six studies clearly specified their selected IMUs type. Five studies [25,27–30]
reported the data sampling frequency rate, which in total ranged between 20–100 Hz. Two
studies [25,30] used the AX3, Axivity, one study [27] used THETAmetrix, one study [29]
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used DynaPort, one study [28] Physilog, and one study used two IMUs, SHIMMER and
MMA7260QT, without reporting the sampling rate frequency. The locations of the wearable
sensors on the body were reported by all six studies to be placed at the center of the body,
i.e., trunk, lower back, chest, and lumbar vertebra (L5).

3.3.2. Gait Assessment Protocol

The environments for the gait valuation included three studies [25,27,29] in a con-
trolled environment, two studies [26,28] in an everyday life environment, and one study
at both controlled and everyday life settings. The duration and/or distance of the gait
protocol varied. Three studies analyzed gait over a 10 m long course, 6 × 10 m [25,30] and
three minutes of walking [30], all at a self-selected pace. And three studies analyzed gait in
a longer period, 4 × one-week sensor-based measurement every two months [26], three
months [28], and seven days [30]. Three studies were conducted over a total time of eight
months [26], three months [28], and seven days [30], including follow up sessions. Three
studies [26–28] involved the Timed Up and Go test and one study [28] included the 5-Chair
Stand test.

3.3.3. Calculated Parameters

The data extracted from the IMUs were processed into variables that described the
following gait characteristics: Ardle et al. [25,30] reported the pace, variability, rhythm,
asymmetry, and postural control. Gietzelt et al. [26] reported anterior-posterior acceleration,
average kinetic energy, compensation movements, step frequency, and the number of
dominant peaks. Williams et al. [27] reported linear accelerations and rotational velocities.
Schwenk et al. [28] reported walking during 24 h, walking bout average duration, longest
walking bout duration, walking bout duration variability, standing during 24 h, standing
bout average duration, sitting during 24 h, sitting bout average duration, and lying during
24 h, and Ijmker et al. [29] reported anterior-posterior and medio-lateral accelerations
time-series.

3.4. Methodological Quality

The results of the quality assessment are outlined in Table 3. All the studies clearly
described their respective state of the art, objectives, and findings. Nearly all six studies
described well the participants and inclusion/exclusion criteria. Schwenk et al. [28] did
not meet these standards as they did not explicitly indicate the exclusion criteria in their
methodology section. The participants’ characteristics were also indicated clearly by all
studies. Schwenk et al. [28] stated the gender in percentage and not in absolute number.
For the sixth and seventh questions in the quality assessment table, the random variability
and the probability values were not adequately described by Gietzelt et al. [26]. Regard-
ing question number eight, the participants were representative of the populations being
studied, i.e., people living with dementia and recruited from a Memory Assessment Re-
search Centre [27], nursing home [26], day care centers for dementia patients [29], geriatric
hospital [28], and Old Age Psychiatric, Geriatric Medicine or Neurology services [30]. In
addition, all the studies had an adequate experiment setting and conditions, and three
studies [25,27,30] were conducted in real-life environments with the sensor-based part of
the measurements conducted in an unsupervised setting during the subjects’ everyday
lives. The statistical tests and outcome measures were defined in all the studies; however,
none of the studies computed test-retest reliability and minimum detectable change values
of the sensors or provided sample size justification, power description, or variance and
effect estimates.
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Table 1. Study characteristics.

Author [ref’] Country Aim Population Type Selection Criteria of Dementia
Participants Participants Characteristics

Ardle et al., 2020 UK

To assess whether a single
accelerometer-based wearable
could differentiate
dementia disease subtypes
through gait analysis

(1) Alzheimer’s disease
dementia (ADD),
(2) dementia Lewy bodies
(DLB),
(3) Parkinson’s disease
dementia (PDD).

Inclusion: (1) over 60 years old, (2) able
to walk for two
minutes, as ascertained by self-report.
Exclusion: (1) had drug-induced or
vascular parkinsonism, (2) any
co-existing neurological conditions or
movement disorders other than AD,
DLB or PD, (3) severe mental illness
(major depression, bipolar disorder,
schizophrenia), (4) evidence of stroke
affecting motor function, or (5) poor
command of the English language.

N: 32 (ADD); Gender: M/F:
15/17;
Age: 77 ± 6;
N: 28 (DLB); Gender: M/F:
22/6;
Age: 76 ± 6;
N: 14 (PDD); Gender: M/F:
13/1;
Age: 76 ± 6

Gietzelt et al., 2014 Germany

To make a fall prognosis in a
cohort of older people with
dementia in short-term
(2 month), mid-term (4 month),
and long-term (8 month)
Intervals using accelerometry
during the subjects’
everyday life.

adults with dementia

Inclusion: (1) over 65 years, (2) can do
TUG > 15 s, (3) Mini Mental State
Examination (MMSE) 524 points, (4)
recurrent falls, (5) signed written
informed consent by the subjects’ legal
guardians.
Exclusion: (1) not able to walk
independently.

N: 40
Gender: M/F: 20/20
Age: 76.0 ± 8.3

Williams et al., 2018 UK

To explore relationships between
the instrumented Timed Up and
Go test (iTUG) and the following
risk factors for falls: cognitive
functioning, fear of falling (FoF),
and quality of life (QoL) in
people with dementia.

adults with dementia

Inclusion: (1) living at home, (2) have a
diagnosis of a dementia,
(3) able and willing to complete weekly
standing Tai Chi without physical
assistance.
Exclusion: (1) living in a care home or in
receipt of palliative care, (2) severe
dementia (>9 on M-ACE scale), (3) a
Lewy body dementia or dementia with
Parkinson’s disease, (4) severe sensory
impairment, (5) or lacking mental
capacity to provide informed consent.

N: 83
Gender: M/F: 50/33
Age: 78.00 ± 7.96
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Table 1. Cont.

Author [ref’] Country Aim Population Type Selection Criteria of Dementia
Participants Participants Characteristics

Schwenk et al., 2014 Germany

To explore the validity of sensor
derived physical activity (PA)
parameters for predicting future
falls in people with dementia
(24 h). To compare sensor-based
fall risk assessment with
conventional fall risk measures.

adults with dementia (fallers
and non-fallers)

Inclusion: (1) over 65 years old, (2)
cognitive impairment (Mini-Mental State
Examination), a dementia diagnosis was
confirmed according to international
standards, 3) informed consent, approval
by the legal guardian (if appointed), and
(4) no uncontrolled or terminal
neurological, cardiovascular, metabolic,
or psychiatric disorder.
Exclusion: n/a

N: 28 (fallers); Gender: M/F:
6/22; Age: 82.0 ± 7.1;
N:49 (non-fallers); Gender:
M/F: 17/32; Age: 81.8 ± 6.3

Ijmker et al., 2012 Netherlands

To investigate differences in the
relationship between
executive function and gait
variability and stability during
single-task and dual-task
walking in persons with and
without dementia.

(1) dementia group
(2) cognitively intact elderly
group
(3) cognitively intact younger
elderly group

Inclusion: (1) diagnosis of (pre)senile
dementia (Alzheimer’s disease or
FrontoTemporal dementia), (2) an
MMSE-score 16.
Exclusion: (1) unable to walk indoors
without assistance for at least three
minutes, (2) had neurological disorders,
(3) orthopaedic surgery within the last
two years, (4) history of stroke, (5)
psychiatric disorders, and h) were
unable to understand the instructions.

N: 15 (dementia); Gender:
M/F: 13/2;
Age: 81.7 ± 6.3
N:14 (healthy elderly);
Gender: M/F: 12/2; Age: 76.9
± 4.1
N:12 (younger elderly); Age:
64.3 ± 2.8; Gender: M/F: 9/3

Ardle et al., 2021 UK
To investigate how different
environments (lab, real world)
impact gait.

(1) dementia Lewy bodies,
(2) CI Alzheimer’s disease
dementia,
(3) control group

Inclusion: (1) aged over 60 years, (2) able
to walk for two minutes, as ascertained
by self-report.
Exclusion: (1) drug-induced or vascular
parkinsonism, (2) any coexisting
neurological conditions or movement
disorders, (3) severe mental illness, (4)
evidence of stroke affecting motor
function, or g) poor command of the
English language

N: 28 (DLB); Gender: M/F:
22/6;
Age: 76 ± 6
N: 32 (ADD): Gender: M/F:
15/17; Age: 77 ± 6;
N:25 (control); Gender: M/F:
11/14; Age: 74 ± 9
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Table 2. Study parameters and outcome measures.

Author [Ref’] Sensor Type Location on the Body Calculated Gait
Parameter

Gait Assessment
Protocol Environment Main Findings

Ardle et al., 2020 IMU: AX3, Axivity;
sampling at 100 Hz

above the fifth lumbar
vertebra (L5)

(1) pace, (2) variability,
(3) rhythm, (4)
asymmetry, (5) postural
control

6 × 10 m; comfortable
paste

controlled
environment

- the wearable device
differentiated dementia disease
subtypes (p ≤ 0.05).

Gietzelt et al., 2014
IMUs: SHIMMER; and
MMA7260QT; sampling
rate was not reported

trunk

(1) anterior-posterior
acceleration, (2) average
kinetic energy, (3)
compensation
movements, (4) step
frequency, (5) number of
dominant peaks

(1) TUG, (2) 4 ×
one-week sensor-based
measurement (every 2
months)

everyday life
(nursing home)

- evaluation of the models
showed a rate of correctly
classified gait episodes of 88.4%
(short-term), 74.8% (midterm),
and 88.5% (long-term)
monitoring.
- geriatric assessment tests were
unable to distinguish between
the groups (AUC < 0.6).

Williams et al., 2018 IMU: THETAmetrix;
sampling at 30 Hz middle of the lower back linear accelerations and

rotational velocities
instrumented Timed Up
and Go Test (iTUG)

controlled
environment

- cognition was related to
duration of walking sub-phases
and total time to complete iTUG
(r = 0.25–0.28) suggesting that
gait speed was related to
cognition.
- FoF was most strongly related
to turning velocity
(r = 0.39–0.44), but also to
sit-to-stand, gait sub-phases and
total time to complete iTUG.
- Sub-phases explained 27% of
the variance in FoF and there
were no correlations between
iTUG and QoL.
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Table 2. Cont.

Author [Ref’] Sensor Type Location on the Body Calculated Gait
Parameter

Gait Assessment
Protocol Environment Main Findings

Schwenk et al., 2014 IMU: Physilog, BioAGM;
sampling at 40 Hz chest

(1) walking during 24 h,
(2) walking bout average
duration, (3) longest
walking bout duration,
(4) walking bout
duration variability, (5)
standing during 24 h, (6)
standing bout average
duration, (7) sitting
during 24 h, (8) sitting
bout average duration,
and (9) lying during 24 h

(1) Timed Up and Go
Test, (2) 5-Chair Stand,
(3) 24-h period, (4)
follow up after 3 months
(no sensor)

real world
(everyday life)

- fallers and non-fallers did not
differ on any conventional
assessment (p = 0.069–0.991),
except for ‘previous faller’
(p = 0.006).
- several PA parameters
discriminated between the
groups.

Ijmker et al., 2012
IMU: DynaPort1
MiniMod, McRoberts BV;
sampling at 100 Hz

trunk
anterior-posterior and
medio-lateral
accelerations time-series

3 min at comfortable
pace (10 m long course);
(1) once under single and
(2) once under dual task
condition

controlled
environment

- patients with dementia
exhibited a significantly
(p < 0.05) less variable but more
irregular trunk acceleration
pattern than cognitively intact
elderly on single and dual-task
walking.
- the walking pattern during
dual tasking for the whole
group became increasingly
unstable.
- moderate to high correlations
(r > 0.51) were found between
executive tasks and gait
parameters.
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Table 2. Cont.

Author [Ref’] Sensor Type Location on the Body Calculated Gait
Parameter

Gait Assessment
Protocol Environment Main Findings

Ardle et al., 2021 IMU: AX3, Axivity;
sampling at 20 Hz

(1) above the fifth
lumbar vertebra (L5); (2)
7 days—lower backs

(1) pace, (2) variability,
(3) rhythm, (4)
asymmetry, (5) postural
control

(1) controlled
environment (lab): 6 ×
10 m at comfortable pace;
(2) 7 days—real world
(everyday life)

(1) controlled
environment; (2)
real world
(everyday life)

- in the lab, DLB group showed
greater step length variability
(p = 0.008) compared to AD.
Both subtypes demonstrated
significant gait impairments
(p < 0.01) compared to controls.
- in the real world, only very
short walking bouts (<10 s)
demonstrated different gait
impairments between subtypes.
The
context where walking occurs
impacts signatures of gait
impairment in dementia
subtypes.
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Table 3. Quality assessment questions.

Question Ardle et al.,
2020

Gietzelt et al.,
2014

Williams et al.,
2018

Schwenk et al.,
2014

Ijmker et al.,
2012

Ardle et al.,
2021

Q1. Is the hypothesis/aim/objective of the
study clearly described? Y Y Y Y Y Y

Q2. Are the main outcomes clearly described in
the Introduction or Methods? Y Y Y Y Y Y

Q3. Are the characteristics of the participants
clearly described (including age, sex, and status

as healthy/injured/pathological)?
Y Y Y N Y Y

Q4. Are the inclusion/exclusion criteria
described and appropriate? Y Y Y N Y Y

Q5. Are the main findings of the study clearly
described? Y Y Y Y Y Y

Q6. Are estimates of the random variability in
the data for the main outcomes provided? Y N Y Y Y Y

Q7. Have actual probability values been
reported for the main outcomes? Y N Y Y Y Y

Q8. Are the participants representative of the
entire population from which

they were recruited?
Y Y Y Y Y Y

Q9. Are the setting and conditions typical for
the population represented by the participants? Y Y Y Y Y Y

Q10. Are the statistical tests used to assess the
main outcomes appropriate? Y Y Y Y Y Y

Q11. Are the main outcome measures used
accurate (valid and reliable)? Y Y Y Y Y Y

Q12. Is a sample size justification, power
description, or variance and effect estimates

provided?
N N N N N N

Note: Y = Yes, N = No.

4. Discussion

Recent improvements in wearable technologies have resulted in an increasing number
of studies investigating wearable devices in people living with dementia. The current
systematic review provides an update of the existing body of literature concerning the
usage of wearable, sensor-based devices for gait analysis in people living with dementia,
with focus on key methodologies and goals in real-world and lab environments.

We identified six studies [25–30] to be suitable in this review that assessed gait using
worn-body devices in multiple study designs. As presented in Table 2, all studies found that
wearable sensor-based devices are applicable in their respective goals and objectives. Half
of the studies focused on fall prognosis, considered an important factor affecting quality of
life in people living with dementia. Two of these [26,28] found that sensor-derived data
are successful in classifying gait episodes of fallers and non-fallers, with the final study
showing physical activity (PA) parameters are independent predictors of the fall risk.

Regarding gait assessment protocols, the TUG test was the most common examination
used [26–28]. Interestingly, one study employed an instrumented TUG (iTUG) test [27] and
was the first to investigate the relationship between iTUG sub-phases, cognitive function,
FoF, and QoL. The study found relationships between the iTUG and risk factors for falls
and concluded that iTUG may offer unique insights into motor behavior in people with
dementia. As there are mixed results reported in the literature in terms of the predictive
ability of TUG for fall prediction [31], a possible solution may be to employ the iTUG exam
more frequently in future studies.

As for walking speed, all studies instructed their participants to choose the speed
deemed to be the most convenient to them (“self-selected speed”). However, it is important
to note that this could result in preserving an original walking pattern and affecting any
variable correlated with speed. This is relevant as walking speed has a strong effect on the
overall quality of the walk [32].

In terms of the selected apparatus, different types and brands of IMU’s were used to
derive various gait parameters, placed at separate locations around the trunk of the body.
Apart from one study [26] that used two IMUs, all other studies reviewed in this manuscript
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used a single IMU. The recording data rate ranged from 20–100 Hz, a suitable sampling
rate frequency due to the participant population and low-pace nature of protocol tasks.

Sample sizes ranged greatly between studies, ranging from 40 to 85. This may be
related to the specific study type and design, but no power analysis calculation was
reported by any of the selected studies to justify the used sample size.

The authors were surprised to see that, although our review focuses on all wearable
device types in gait assessment, mostly IMUs were found in the literature search. Other
wearable technologies, such as smart insoles, could offer another important perspectives in
this field and allow for out-of-lab research in real world settings.

We would like to acknowledge a few limitations in this systematic review, which
related to significant differences in terms of clinical feasibility, generalizability, and study
duration. Some of the studies were cross-sectional or involved a very short follow-up after
a single assessment. On the other hand, three studies conducted in a real-life environment
featured ongoing monitoring, and the data were captured continuously for over 24 h. On
another note, the results of the quality assessment (Table 3) were based on the subjective
judgment of two interpretations of the authors.

In addition, none of the studies calculated or reported test-retest reliability and min-
imum detectable change values of the sensors. As motion sensors are very sensitive to
test-retest variability, making their reliability low and the minimum detectable change high,
the authors suggest reporting such reliability measures in future studies using IMUs.

Given the high priority that is currently placed on developing interventions for early
diagnosis dementia [33], more research and financial resources are necessary for large-scale
deployment and use of wearables for healthcare assessment. The tele-health sector, for
example, could benefit from a remote tele-gait analysis platform for diagnosis and tracking
of movement performance in people living with dementia over time.

In addition, further work should focus on the development of related technologies that
are more robust and comfortable to wear, have higher precision, and extended duration
of energy sources, allowing analyses over longer periods. From a caregiver’s perspec-
tive, these wearables could support them in tracking and adapting care in line with a
patient’s gradual progress of physical and cognitive symptoms, as well as to any sudden
gait changes.

Our review highlights the great prospects for use of wearable devices for gait as-
sessment in people living with dementia in different environments. IMUs were generally
experienced as user-friendly and safe with no issues for patients. However, the small
number of studies and variation in methodology emphasizes the lack of procedure stan-
dardization, specific apparatus body location, sampling rate frequency, and assessment
protocol. We, therefore, suggest that future research is necessary to investigate these
topics further.

5. Conclusions

In conclusion, despite differences in study design, wearable devices, protocols, and
derived parameters, all studies in this review found that sensor-derived data are successful
in their respective objectives and goals. With rapidly emerging developments in technology,
the use of IMUs provides a fertile ground for countless prospective gait performance
assessments in people living with dementia. This review provides evidence that body-
worn devices are highly effective in measuring levels of gait activity in and out of laboratory
environments. Nevertheless, we believe that additional studies utilizing standardized
protocols should be conducted in the future to explore the impact and usefulness of
wearable devices in gait-related characteristics such as fall prognosis and early diagnosis
in people living with dementia.

Author Contributions: Conceptualization, Y.W., O.T. and S.P.; methodology, Y.W., O.T. and F.K.F.;
writing—original draft preparation, Y.W. and O.T.; writing—review and editing, Y.W., J.B., F.K.F.,
O.T. and S.P.; supervision, S.P. All authors have read and agreed to the published version of
the manuscript.



Int. J. Environ. Res. Public Health 2021, 18, 12735 13 of 14

Funding: The authors received no specific funding for this work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No data were generated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alexander, N.B. Gait disorders in older adults. J. Am. Geriatr. Soc. 1996, 44, 434–451. [CrossRef]
2. Nutt, J.G.; Marsden, C.D.; Thompson, P.D. Human walking and higher-level gait disorders, particularly in the elderly. Neurology

1993, 43, 268. [CrossRef]
3. Wilson, R.S.; Schneider, J.A.; Beckett, L.A.; Evans, D.A.; Bennett, D.A. Progression of gait disorder and rigidity and risk of death

in older persons. Neurology 2002, 58, 1815–1819. [CrossRef]
4. Jørstad, E.C.; Hauer, K.; Becker, C.; Lamb, S.E.; ProFaNE Group. Measuring the psychological outcomes of falling: A systematic

review. J. Am. Geriatr. Soc. 2005, 53, 501–510. [CrossRef] [PubMed]
5. Snijders, A.H.; van de Warrenburg, B.P.; Giladi, N.; Bloem, B.R. Neurological gait disorders in elderly people: Clinical approach

and classification. Lancet Neurol. 2007, 6, 63–74. [CrossRef]
6. Podsiadlo, D.; Richardson, S. The timed “Up & Go”: A test of basic functional mobility for frail elderly persons. J. Am. Geriatr.

Soc. 1991, 39, 142–148.
7. Guralnik, J.M.; Simonsick, E.M.; Ferrucci, L.; Glynn, R.J.; Berkman, L.F.; Blazer, D.G.; Scherr, P.A.; Wallace, R.B. A short physical

performance battery assessing lower extremity function: Association with self-reported disability and prediction of mortality and
nursing home admission. J. Gerontol. 1994, 49, M85–M94. [CrossRef] [PubMed]

8. Muro-De-La-Herran, A.; Garcia-Zapirain, B.; Mendez-Zorrilla, A. Gait analysis methods: An overview of wearable and non-
wearable systems, highlighting clinical applications. Sensors 2014, 14, 3362–3394. [CrossRef] [PubMed]

9. Aminian, K.; Najafi, B. Capturing human motion using body-fixed sensors: Outdoor measurement and clinical applications.
Comput. Animat. Virtual Worlds 2004, 15, 79–94. [CrossRef]

10. Weizman, Y.; Tan, A.M.; Fuss, F.K. Use of wearable technology to enhance response to the Coronavirus (COVID-19) pandemic.
Public Health 2020, 185, 221. [CrossRef]

11. González, R.C.; López, A.M.; Rodriguez-Uría, J.; Álvarez, D.; Alvarez, J.C.A. Real-time gait event detection for normal subjects
from lower trunk accelerations. Gait Posture 2010, 31, 322–325. [CrossRef] [PubMed]

12. Kim, S.C.; Kim, J.Y.; Lee, H.N.; Lee, H.H.; Kwon, J.H.; Kim, N.B.; Kim, M.J.; Hwang, J.H.; Han, G.C. A quantitative analysis of gait
patterns in vestibular neuritis patients using gyroscope sensor and a continuous walking protocol. J. Neuroeng. Rehabil. 2014,
11, 58. [CrossRef]

13. Mobbs, R.J.; Phan, K.; Maharaj, M.; Rao, P.J. Physical activity measured with accelerometer and self-rated disability in lumbar
spine surgery: A prospective study. Glob. Spine J. 2016, 6, 459–464. [CrossRef] [PubMed]

14. Mueller, M.J.; Strube, M.J. Generalizability of in-shoe peak pressure measures using the F-scan system. Clin. Biomech. 1996, 11,
159–164. [CrossRef]

15. Lane, T.J.; Landorf, K.B.; Bonanno, D.R.; Raspovic, A.; Menz, H.B. Effects of shoe sole hardness on plantar pressure and comfort
in older people with forefoot pain. Gait Posture 2014, 39, 247–251. [CrossRef]

16. Godi, M.; Turcato, A.M.; Schieppati, M.; Nardone, A. Test-retest reliability of an insole plantar pressure system to assess gait
along linear and curved trajectories. J. Neuroeng. Rehabil. 2014, 11, 95. [CrossRef]

17. Tan, A.M.; Fuss, F.K.; Weizman, Y.; Woudstra, Y.; Troynikov, O. Design of low cost smart insole for real time measurement of
plantar pressure. Procedia Technol. 2015, 20, 117–122. [CrossRef]

18. Weizman, Y.; Tan, A.M.; Fuss, F.K. Benchmarking study of the forces and centre of pressure derived from a novel smart-insole
against an existing pressure measuring insole and force plate. Measurement 2019, 142, 48–59. [CrossRef]

19. Brognara, L.; Palumbo, P.; Grimm, B.; Palmerini, L. Assessing gait in Parkinson’s disease using wearable motion sensors: A
systematic review. Diseases 2019, 7, 18. [CrossRef]

20. Liberati, A.; Altman, D.G.; Tetzlaff, J.; Mulrow, C.; Gøtzsche, P.C.; Ioannidis, J.P.; Clarke, M.; Devereaux, P.J.; Kleijnen, J.; Moher,
D. The Prisma statement for reporting systematic reviews and meta-analyses of studies that evaluate health care interventions:
Explanation and elaboration. J. Clin. Epidemiol. 2009, 62, e1–e34. [CrossRef] [PubMed]

21. Johnson, N.; Phillips, M. Rayyan for systematic reviews. J. Electron. Resour. Libr. 2018, 30, 46–48. [CrossRef]
22. Benson, L.C.; Clermont, C.A.; Bošnjak, E.; Ferber, R. The use of wearable devices for walking and running gait analysis outside of

the lab: A systematic review. Gait Posture 2018, 63, 124–138. [CrossRef]
23. Campos, S.; Doxey, J.; Hammond, D. Nutrition labels on pre-packaged foods: A systematic review. Public Health Nutr. 2011, 14,

1496–1506. [CrossRef]
24. Downs, S.H.; Black, N. The feasibility of creating a checklist for the assessment of the methodological quality both of randomised

and non-randomised studies of health care interventions. J. Epidemiol. Community Health 1998, 52, 377–384. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1532-5415.1996.tb06417.x
http://doi.org/10.1212/WNL.43.2.268
http://doi.org/10.1212/WNL.58.12.1815
http://doi.org/10.1111/j.1532-5415.2005.53172.x
http://www.ncbi.nlm.nih.gov/pubmed/15743297
http://doi.org/10.1016/S1474-4422(06)70678-0
http://doi.org/10.1093/geronj/49.2.M85
http://www.ncbi.nlm.nih.gov/pubmed/8126356
http://doi.org/10.3390/s140203362
http://www.ncbi.nlm.nih.gov/pubmed/24556672
http://doi.org/10.1002/cav.2
http://doi.org/10.1016/j.puhe.2020.06.048
http://doi.org/10.1016/j.gaitpost.2009.11.014
http://www.ncbi.nlm.nih.gov/pubmed/20034797
http://doi.org/10.1186/1743-0003-11-58
http://doi.org/10.1055/s-0035-1565259
http://www.ncbi.nlm.nih.gov/pubmed/27433430
http://doi.org/10.1016/0268-0033(95)00047-X
http://doi.org/10.1016/j.gaitpost.2013.07.116
http://doi.org/10.1186/1743-0003-11-95
http://doi.org/10.1016/j.protcy.2015.07.020
http://doi.org/10.1016/j.measurement.2019.03.023
http://doi.org/10.3390/diseases7010018
http://doi.org/10.1016/j.jclinepi.2009.06.006
http://www.ncbi.nlm.nih.gov/pubmed/19631507
http://doi.org/10.1080/1941126X.2018.1444339
http://doi.org/10.1016/j.gaitpost.2018.04.047
http://doi.org/10.1017/S1368980010003290
http://doi.org/10.1136/jech.52.6.377
http://www.ncbi.nlm.nih.gov/pubmed/9764259


Int. J. Environ. Res. Public Health 2021, 18, 12735 14 of 14

25. Mc Ardle, R.; Del Din, S.; Galna, B.; Thomas, A.; Rochester, L. Differentiating dementia disease subtypes with gait analysis:
Feasibility of wearable sensors? Gait Posture 2020, 76, 372–376. [CrossRef]

26. Gietzelt, M.; Feldwieser, F.; Govercin, M.; Steinhagen-Thiessen, E.; Marschollek, M. A prospective field study for sensor-based
identification of fall risk in older people with dementia. Inform. Health Soc. Care 2014, 39, 249–261. [CrossRef] [PubMed]

27. Williams, J.M.; Nyman, S.R. Association between the instrumented timed up and go test and cognitive function, fear of falling
and quality of life in community dwelling people with dementia. J. Frailty Sarcopenia Falls 2018, 3, 185–193. [CrossRef]

28. Schwenk, M.; Hauer, K.; Zieschang, T.; Englert, S.; Mohler, J.; Najafi, B. Sensor-derived physical activity parameters can predict
future falls in people with dementia. Gerontology 2014, 60, 483–492. [CrossRef] [PubMed]

29. Ijmker, T.; Lamoth, C.J.C. Gait and cognition: The relationship between gait stability and variability with executive function in
persons with and without dementia. Gait Posture 2012, 35, 126–130. [CrossRef]

30. Mc Ardle, R.; Del Din, S.; Donaghy, P.; Galna, B.; Thomas, A.J.; Rochester, L. The impact of environment on gait assessment:
Considerations from real-world gait analysis in dementia subtypes. Sensors 2021, 21, 813. [CrossRef] [PubMed]

31. Dolatabadi, E.; van Ooteghem, K.; Taati, B.; Iaboni, A. Quantitative mobility assessment for fall risk prediction in dementia: A
systematic review. Dement. Geriatr. Cogn. Disord. 2018, 45, 353–367. [CrossRef] [PubMed]

32. Beauchet, O.; Annweiler, C.; Lecordroch, Y.; Allali, G.; Dubost, V.; Herrmann, F.R.; Kressig, R.W. Walking speed-related changes
in stride time variability: Effects of decreased speed. J. Neuroeng. Rehabil. 2009, 6, 32. [CrossRef] [PubMed]

33. Waldemar, G.; Phung, K.T.T.; Burns, A.; Georges, J.; Hansen, F.R.; Iliffe, S.; Marking, C.; Rikkert, M.O.; Selmes, J.; Stoppe, G.
Access to diagnostic evaluation and treatment for dementia in Europe. Int. J. Geriatr. Psychiatry 2007, 22, 47–54. [CrossRef]

http://doi.org/10.1016/j.gaitpost.2019.12.028
http://doi.org/10.3109/17538157.2014.931851
http://www.ncbi.nlm.nih.gov/pubmed/25148560
http://doi.org/10.22540/JFSF-03-185
http://doi.org/10.1159/000363136
http://www.ncbi.nlm.nih.gov/pubmed/25171300
http://doi.org/10.1016/j.gaitpost.2011.08.022
http://doi.org/10.3390/s21030813
http://www.ncbi.nlm.nih.gov/pubmed/33530508
http://doi.org/10.1159/000490850
http://www.ncbi.nlm.nih.gov/pubmed/30041187
http://doi.org/10.1186/1743-0003-6-32
http://www.ncbi.nlm.nih.gov/pubmed/19656364
http://doi.org/10.1002/gps.1652

	Introduction 
	Methods 
	Search Strategy for Identification of Studies 
	Study Selection 
	Data Extraction 
	Methodological Quality 

	Results 
	Search Results 
	Study Characteristics 
	Study Parameters and Outcome Measures 
	Sensor Type and Body Location 
	Gait Assessment Protocol 
	Calculated Parameters 

	Methodological Quality 

	Discussion 
	Conclusions 
	References

