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Abstract.
Background: Portable digital health technologies (DHTs) could help evaluate non-cognitive symptoms, but evidence to
support their use in patients with dementia with Lewy bodies (DLB) is uncertain.
Objective: 1) To describe portable or wearable DHTs used to obtain digital biomarkers in patients with DLB, 2) to assess the
digital biomarkers’ ability to evaluate non-cognitive symptoms, and 3) to assess the feasibility of applying digital biomarkers
in patients with DLB.
Methods: We systematically searched databases MEDLINE, Embase, and Web of Science from inception through February
28, 2023. Studies assessing digital biomarkers obtained by portable or wearable DHTs and related to non-cognitive symptoms
were eligible if including patients with DLB. The quality of studies was assessed using a modified check list based on the
NIH Quality assessment tool for Observational Cohort and Cross-sectional Studies. A narrative synthesis of data was carried
out.
Results: We screened 4,295 records and included 20 studies. Seventeen different DHTs were identified for assessment of most
non-cognitive symptoms related to DLB. No thorough validation of digital biomarkers for measurement of non-cognitive
symptoms in DLB was reported. Studies did not report on aspects of feasibility in a systematic way.
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Conclusions: Knowledge about feasibility and validity of individual digital biomarkers remains extremely limited. Study
heterogeneity is a barrier for establishing a broad evidence base for application of digital biomarkers in DLB. Researchers
should conform to recommended standards for systematic evaluation of digital biomarkers.

Keywords: Alzheimer’s disease, biomarkers, dementia, digital health, feasibility studies, Lewy body disease, symptom
assessment, wearable electronic devices

INTRODUCTION

Dementia with Lewy bodies (DLB) is second
only to Alzheimer’s disease (AD) in terms of the
prevalence of neurodegenerative causes of dementia
[1], with the first diagnostic criteria being proposed
in 1996 [2, 3]. Aside from cognitive impairment,
patients with DLB often suffer from various non-
cognitive symptoms such as visual hallucinations,
REM sleep behavior disorder (RBD), and parkinson-
ism [4] either preceding the diagnosis of dementia
or emerging at later stages of the disease course
[5, 6]. While cognitive symptoms are defining for
dementia, non-cognitive symptoms are of equal
importance for the specific diagnosis of DLB [4],
and they significantly impact patients’ quality of
life [7, 8]. Moreover, some non-cognitive symp-
toms may be manageable such as parkinsonism and
autonomic dysfunction (see Table 1). However, it
is difficult to evaluate the presence and severity of
non-cognitive symptoms in patients with DLB as
cognitive deficits may compromise reliable symptom
description. Also, high interobserver variability for
assessment scales of non-cognitive symptoms such
as motor examination using the UPDRS (Unified
Parkinson’s Disease Rating Scale) part III has been
reported [9]. Thus, there is a need for objective and
precise tools to improve the ability to detect non-
cognitive symptoms and to assess their severity. At
the same time, growing demands on the efficiency
of health care systems require implementation of
low-cost, data-driven tools in the clinical assessment
and decision-making to ensure maximal resource and
capacity utilization and quality of future patient care
[10].

Digital biomarkers, which are biomarkers col-
lected from digital health technologies (DHTs, i.e.,
“A system that uses computing platforms, connectiv-
ity, software, and sensors for healthcare and related
uses”) [11], show potential in closing these gaps.
Indeed, the research field of digital biomarkers is
rapidly expanding with an increasing number of
available DHTs measuring biological and physiolog-
ical data [12]. This may be done in an unobtrusive

manner such as with smartwatches, which can mon-
itor numerous parameters including limb movement,
heart rate, and whereabouts with automatic upload
and analysis of data. Portable, or wearable DHTs
could become valuable tools due to their conve-
nience, however, evidence to support their use in the
assessment of patients with DLB is uncertain. Indeed,
application of DHTs in a population with dementia
may pose a challenge, thus evaluation of feasibility is
of special importance, when considering new digital
biomarkers for future clinical practice.

Several use-cases for DHTs in the management of
patients with DLB could be envisioned, e.g., as diag-
nostic and prognostic biomarkers, the latter missing
almost entirely from the current biomarker landscape.
Moreover, accurate measures of symptoms to track
treatment effects and even as trial outcomes are also
highly relevant applications.

This review seeks to identify and synthesize cur-
rent knowledge on digital biomarkers applied for the
assessment of non-cognitive symptoms in patients
with DLB. Specifically, the objectives were: 1) to
identify wearable or portable DHTs used to obtain
digital biomarkers in patients with DLB, 2) to assess
the ability of these biomarkers to monitor and eval-
uate non-cognitive symptoms in DLB, and 3) to
assess the feasibility of applying digital biomarkers in
patients with DLB. To our knowledge, no systematic
review exists on this topic.

METHODS

A study protocol for this review was uploaded to
the PROSPERO database (ID: CRD42023400196).
Reporting on this systematic review was conducted
according to the PRISMA 2020 Statement [13].

Eligibility criteria

Original observational or interventional studies
published in peer-reviewed international journals
were considered eligible if they met all inclusion
criteria and none of the exclusion criteria:
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Table 1
Non-cognitive symptoms in Dementia with Lewy bodies

Symptom Description

Parkinsonism Disorder of movement characterized by bradykinesia (slowness of movement), tremor and rigidity.
Problems initiating movements, disordered gait and postural instability may also be present.

Fluctuations Fluctuations in cognitive function and especially attention. Patients may “zone out”, become
unresponsive or inattentive for seconds, minutes or hours.

Visual hallucinations and
visual illusory perceptions

May include outright visual hallucinations of persons, family members, animals etc. or less
well-formed ones such as a passing shadow/figure in the peripheral visual field. Visual illusory
perceptions (sometimes referred to as pareidolias) could be a sweater lying on a bed being perceived
as a cat, a jacket hung in a dark corner as a figure, a face in the leaves of a tree.

Rapid eye movement
(REM) sleep disorder

Disorder of the REM phase of sleep leading to the patient acting out dreams due to loss of atonia.

Hyposmia/anosmia Reduced or complete loss of sense of smell
Autonomic dysfunction e.g., erectile dysfunction, constipation, orthostatic hypotension

Inclusion criteria
- Reporting on adult humans (age > 17 years)

meeting diagnostic criteria for DLB (McKeith,
3rd and 4th edition [4, 14]).

- Reporting on digital biomarkers (according to
reported definition [11]), which assessed non-
cognitive symptoms in DLB and were obtained
by wearable or portable DHTs (as evaluated by
the reviewers).

- Full text available in English language.

Exclusion criteria
- Studies including < 5 patients with DLB.
- Studies only reporting on patients with dementia

of mixed types (e.g., DLB and vascular demen-
tia) or Parkinson’s disease dementia (PDD).

- Studies reporting on digital biomarkers primar-
ily reflecting cognitive features of symptoms (as
evaluated by the reviewers), e.g., number of spo-
ken words per minute during cognitive tests.

Information sources and search strategy

We performed searches in MEDLINE and Embase
using the Ovid-platform, and in Web of Science from
inception to February 28, 2023. References cited in
the included studies were also examined for eligibil-
ity. Search strategies and results are available in the
Supplementary Material.

Selection process

Screening for eligibility was executed by two
independent reviewers (NS, MG) using the web
based systematic review tool Covidence®. A senior
researcher (KF) was consulted in cases where consen-
sus could not be reached between NS and MG. Papers
with duplicate data but additional relevant data (e.g.,

data from different comparators) were included and
designated accordingly. Otherwise, the paper based
on the most complete dataset was included in the
review.

Data collection process

Data was independently extracted by two review-
ers (NS, MG) using a modified data extraction sheet
in Microsoft Excel®. Any discrepancies upon com-
parison were resolved by the two reviewers. KF was
consulted in cases of no consensus between NS and
MG.

Data items

The following data items were extracted from the
included reports: a) study design and purpose, b)
eligibility criteria for included participants, c) num-
ber of participants, d) age and sex of participants,
e) diagnosis of participants, f) cognitive scores of
participants (e.g., Mini-Mental State Examination
(MMSE) scores, or The Montreal Cognitive Assess-
ment (MoCA) scores), g) symptoms assessed, h)
DHT hardware and methods including period of
measurement for obtainment of digital biomarker, i)
DHT software, j) digital biomarker metrics, k) sta-
tistical analysis methods, l) reported values of the
digital biomarkers measured, m) comparator, n) com-
parisons with validated symptom assessment (e.g.,
validated clinical rating scales or ancillary investiga-
tions), o) data loss/quality, p) safety assessments (e.g.,
adverse events), q) methods of assessment of feasi-
bility (e.g., questionnaires, or drop-out), r) funding,
s) reported conflicts of interests for study authors.

When data collected from patients with DLB
were not reported for these participants specifically,
biomarker values and comparisons with validated
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Fig. 1. PRISMA flow diagram of the screening process.

symptom assessment were not extracted, however,
remaining data items were still extracted to identify
relevant DHTs and to assess the feasibility of apply-
ing digital biomarkers in DLB. Biomarker values for
comparators were extracted as a further measure of
the ability of the biomarker to measure non-cognitive
symptoms in patients with DLB.

Assessments of study quality

Two reviewers (NS, MG) carried out indepen-
dent, qualitative assessments of the methodology
of included studies using a modified check list
(see Supplementary Material) adopting seven criteria
from the National Institute of Health (NIH) Qual-
ity Assessment Tool for Observational Cohort and
Cross-Sectional Studies [15]. Not all criteria were
adopted as they were to be applied on studies of
heterogenous design, and we did not investigate any

exposures. Any discrepancies upon comparison were
resolved by the two reviewers, and KF was consulted
in cases of disagreement. Studies without extracted
biomarker values for patients with DLB were not
assessed.

Data synthesis

A narrative data synthesis was carried out. No
assessment of meta-bias or strength of the body of
evidence was made in this review.

RESULTS

The study selection process is illustrated in the
PRISMA flow-chart in Fig. 1. We identified 4295
unique citations through database searches. After
screening of title and abstract, 67 papers were
retrieved for full text assessment of eligibility, result-



N.S. Sjaelland et al. / Digital Biomarkers in DLB 435

ing in 20 included studies. Of note, one study [16] did
meet inclusion criteria but was excluded due to the
results already being included in the study by Kazui
et al. [17].

Study presentation

Table 2 gives the characteristics of the included
studies. The DHTs applied in the included stud-
ies assessed the following groups of symptoms:
fine motor skills (n = 4), sleep (n = 4), gait and bal-
ance (n = 3), dysautonomia (n = 3), neuropsychiatric
symptoms (n = 2), physical activity and rest (n = 2),
speech (n = 2), color vision impairment (n = 1),
and hypomimia (n = 1). Four studies investigated
interventions (pharmacological [17, 18], or non-
pharmacological [19, 20]) where DHTs were used to
assess outcomes, whereas the remaining studies had
observational, cross-sectional designs. Four studies
[18, 19, 21, 22] did not provide any subgroup analy-
sis of DLB patients but were still included to identify
relevant DHTs and assess the feasibility of applying
digital biomarkers in DLB. Most studies were car-
ried out in an outpatient setting, whereas one study
investigated the application of DHTs in a hospital
setting [20], and one study investigated patients in a
long-term care facility [19].

The number of patients with DLB in the included
studies ranged from five to 62 with a median of 23.
Additionally, one study [18] reported on measure-
ments of 238 patients with Lewy body dementias
(DLB or PDD). For participants with DLB, the mean
and median age ranged from 66 to 80 years and mean
and median MMSE score ranged from 16 to 26.5
reflecting a broad range of disease severity. In five
studies, participants with DLB had a mean MMSE
score below 22 [17, 23–26], whereas in 10 studies
a mean score of 22 or greater was reported [27–36].
Comparisons with healthy controls was reported in 10
studies [17, 23, 27, 28, 30, 31, 33–36], and/or with
patients with AD in 12 studies [21, 23, 24, 26–28,
31–36].

Digital health technologies

The various DHTs applied in the included stud-
ies are illustrated in Fig. 2, and their application
is described in Table 2. Fifteen studies [17, 19–23,
27, 28, 30–36] reported sufficient details on DHT
hardware for identification of the specific DHT, and
15 studies [17–19, 21, 22, 26–30, 32–36] reported
on applied software, i.e., described algorithms or

named computer programs used for data process-
ing. A total of 17 different DHTs were applied in
the included studies, but only one DHT (AX3 Axiv-
ity) was reported across multiple studies [18, 32–35].
An inertial measurement unit (IMU) was the most
widely used type of DHT in the included studies with
eight papers reporting biomarkers derived from IMUs
[17–19, 21, 32–35]. An IMU, such as an actigraph,
measures movement using accelerometry, and was
applied in studies, which measured characteristics
of balance, gait, agitation, and sleep utilizing vary-
ing hardware, software, and assessment paradigms.
Indeed, most types of DHTs were reported to give rise
to several digital biomarkers and have the potential
to assess multiple symptoms.

Digital biomarkers and corresponding symptoms

A full list of the investigated digital biomarkers
derived from DHTs is given in Table 2. We divided
symptoms assessed into nine different types as illus-
trated by the following examples: Biomarkers such
as those representing characteristics of drawing (e.g.,
pressure applied by a digital pen) and other small
movements (e.g., frequency of finger or alternating
hand tapping) were grouped under fine motor skills.
Sleep was assessed by means of e.g., sleep duration
and efficiency. Biomarkers related to autonomic func-
tion (e.g., change of mean blood pressure from day
to night) were grouped under dysautonomia, whereas
biomarkers grouped under neuropsychiatric symp-
toms group include those reported by the authors as
measures of e.g., agitation or pareidolias. Biomark-
ers reported as characteristics of gait (e.g., asymmetry
of step time, or step length) or balance (e.g., accel-
eration in mediolateral direction) were similar in
nature and grouped together accordingly. Biomark-
ers representing movement on a more general level
(e.g., average acceleration per day, steps per day, and
bout length variability) were grouped under physi-
cal activity and rest. Speech was assessed through,
e.g., fundamental frequency range, and phoneme
rate, while biomarkers grouped under color vision
impairment was reported as such by the authors.
Hypomimia was assessed using the likelihoods
of different facial emotions expressed including
neutral.

Discriminatory power of digital biomarkers

Seven studies [17, 28, 31, 33–36] comparing DLB
to controls found group differences on at least one
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Table 2
Characteristics of included studies

Fine motor skills
Reference Study design Study population Digital health technology Paradigm and digital biomarkers

Bailon et al.,
2010 [27]

Cross-
sectional

DLB (n = 11), MCI (n = 18), AD (n = 23),
controls (n = 52)
Outpatient setting

Response button and
laptop with
Vision180©-software

Participants performed rapid index finger tapping with the preferred
hand for measurement of tapping frequency.

Kragh et al.,
2018 [28]

Cross-
sectional

DLB (n = 13), AD (n = 17), FTD (n = 19),
healthy, aged controls (n = 15)
Outpatient setting

Force transducer
(Mini40) and laptop

Four simple motor tasks consisting of lifting the device or tapping with
either finger, foot, or alternating hand were performed by participants.
Both sides were assessed to obtain duration, frequency, interval, and
force of tapping. For the lifting task, grip force magnitude, variability,
and device movement were measured.

Wang et al.,
2022 [18]∗

Randomized
controlled trial

Participants with DLB or PDD (n = 238)
Groups aggregated according to
intervention, not clinical diagnosis (i.e.,
placebo or various dopaminergic drug
doses)
Outpatient setting

iPad using the Lilly trial
app

Participants were asked to complete daily alternating index and middle
finger tapping assessments on the device before, during, and after
intervention. Assessments were conducted during a 16-weeks period to
measure the total amount of taps per day.

Yamada et al.,
2022 [31]#

Cross-
sectional

DLB (n = 27), AD (n = 47), healthy, aged
controls (n = 49)
Outpatient setting

Tablet with digital pen
(Wacom Cintiq Pro 16)

Five commonly used drawing tasks (e.g., clock drawing) were
performed with the device for measurement of drawing speed, speed
variability and speed smoothness. Pressure variability and pressure
smoothness were also assessed.

Sleep
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Fukuda et al.,
2022 [20]

Interventional,
non-
randomized

Patients with DLB hospitalized for
treatment of severe BPSD in a
dementia-care unit (n = 18)

Pressure sensor (Nemuri
SCAN) and a monitor

The device was placed under the participant’s mattress during their stay
in the hospital to guide the nursing staff in care planning.
Measurements included sleep duration, time spent awake, time between
bedtime and sleep, times getting out of bed and sleep efficiency.

Kazui et al.,
2017 [17]

Interventional,
non-
randomized

DLB (n = 16), healthy, aged controls
(n = 24)
Outpatient setting

Inertial measurement unit
(Actiwatch-L)

Participants wore the device for a full week on the non-dominant wrist,
and patients were assessed again after taking donepezil for 14 weeks.
All participants were monitored continuously to evaluate activity
counts per minute, time in bed, total sleep time, sleep latency, snooze
time, wake time after sleep onset, and sleep efficiency.

Moyle et al.,
2018 [19]∗

Cluster-
randomized
controlled trial

DLB, AD, VaD, FTD or unspecified
dementia (daytime analysis, n = 175, and
nighttime analysis, n = 280)
Groups aggregated according to
intervention, not clinical diagnosis (i.e.,
usual care, sessions with regular plush
toy, or sessions with PARO)
Participants residing at Long Term Care
facilities

Inertial measurement unit
(SenseWear Professional
8.0)

Participants wore the device for 24 hours on the non-dominant triceps
once before, twice during, and once after the 10-week intervention
period. They were monitored continuously to evaluate time awake, time
lying down, and time sleeping for day- and nighttime, respectively.
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Wang et al.,
2022 [18]∗

Randomized
controlled trial

Participants with DLB or PDD (n = 160)
Groups aggregated according to
intervention, not clinical diagnosis (i.e.,
placebo or various dopaminergic drug
doses)
Outpatient setting

Inertial measurement unit
(AX3-axivity)

Participants wore the device for two weeks on the non-dominant wrist
once before, once during, and once after the 12-week intervention
period. They were monitored continuously to evaluate time spent
asleep during day and night, respectively.

Gait and balance
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Mc Ardle et
al., 2019 [32]#

Cross-
sectional

DLB (n = 28), PDD (n = 14), AD (n = 32)
Outpatient setting

Inertial measurement unit
(AX3 Axivity)

The device was fixed to the lumbar region, while participants performed
six 10-meter walks in a lab setting for measurement of a total of 14 gait
characteristics including means, variabilities, and asymmetries of step
time, swing time, stance time, step velocity, and step length.

Mc Ardle et
al., 2021 [34]#

Cross-
sectional

DLB (n = 28), AD (n = 32), healthy, aged
controls (n = 25)
Outpatient setting

Inertial measurement unit
(AX3 Axivity)

The device was fixed to the lumbar region, while participants
performed six 10-meter walks in a lab setting before wearing the
device continuously for a week in a free-living environment. A total of
14 gait characteristics were measured including means, variabilities,
and asymmetries of step time, swing time, stance time, step velocity,
and step length.

Mc Ardle et
al., 2021 [35]#

Cross-
sectional

DLB (n = 26), PDD (n = 13), AD
(n = 31), healthy, aged controls (n = 27)
Outpatient setting

Inertial measurement unit
(AX3 Axivity)

The device was fixed to the lumbar region, while participants
maintained an upright position for two minutes while having their
balance assessed by means of acceleration magnitude and rate of
change in both anteroposterior, mediolateral, and composite directions.

Dysautonomia
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Kim et al.,
2015 [23]

Cross-
sectional

DLB (n = 22), MCI (n = 24), SMI
(n = 14), AD (n = 37), healthy, aged
controls (n = 25)
Outpatient setting

Sphygmomanometer
(Mobil-O-Graph)

The device measured participants’ blood pressure every 15 minutes
during day, and every 30 minutes during night for assessment of
nighttime systolic blood pressure and change of mean blood pressure
from day to night (dipping).

Negami et al.,
2013 [24]

Cross-
sectional

DLB (n = 20), AD (n = 20)
Outpatient setting

Heart rate variability:
Acceleration
plethysmograph and
monitor
Sympathetic skin
response: surface
electrodes (not specified)

Patients placed fingertip into the plethysmograph for two minutes to
monitor and assess heart rate variability by low to high frequency power
ratio (LF/HF) and the coefficient of variation of the A-A-intervals.
Electrodes were placed on the hand for measurements of the
sympathetic skin response by wave amplitude after electrical
stimulation of the median nerve.

(Continued)
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(Continued)

Dysautonomia
Reference Study design Study population Digital health technology Paradigm and digital biomarkers

Oka et al.,
2020 [25]

Cross-
sectional

DLB (n = 24), PD (n = 75)
Outpatient setting

Blood pressure monitor
(not specified)

The device measured participants’ blood pressure every 30 minutes
during day and every 60 minutes during night for assessment of their
nocturnal fall in systolic blood pressure (dipping).

Neuropsychiatric symptoms
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Moyle et al.,
2018 [19]∗

Cluster-
randomized
controlled trial

DLB, AD, VaD, FTD or unspecified
dementia (daytime analysis, n = 175, and
nighttime analysis, n = 280)
Groups aggregated according to
intervention, not clinical diagnosis (i.e.,
usual care, sessions with regular plush
toy, or sessions with PARO)
Participants residing at Long Term Care
facilities

Inertial measurement unit
(SenseWear Professional
8.0)

Participants wore the device for 24 hours on the non-dominant triceps
once before, twice during, and once after the 10-week intervention
period. They were monitored continuously to evaluate agitation in
daytime and in nighttime by means of step count, and time with
elevated physical activity level.

Nagels et al.,
2006 [21]

Cross-
sectional

DLB (n = 16), AD (n = 65), FTD (n = 9),
mixed dementia (n = 20)
Outpatient setting

Inertial measurement unit
(Octagonal basic
motionlogger)

Participants wore the device fixed to the non-dominant wrist for 48
hours of continuous monitoring to assess agitation by times crossing a
certain intensity threshold, time above this threshold, and movement
intensity.

Suzuki et al.,
2017 [30]

Cross-
sectional

DLB (n = 8), healthy controls (n = 9)
Outpatient setting

Eye tracker (EMR-8) Participants wore the eye tracker mounted on the head for video
recording of their eyes, while they described 10 images. Their
utterances were classified as correct or pareidolic, and video recordings
prior to utterances were analyzed for saccadic movement frequency,
saccadic angular velocity, and pupil diameter power change at
0-0.46 Hz after Fast Fourier transformation.

Physical activity and rest
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Mc Ardle et
al., 2019 [33]#

Cross-
sectional

DLB (n = 30), PDD (n = 16), AD
(n = 36), healthy, aged controls (n = 26)
Outpatient setting

Inertial measurement unit
(AX3 Axivity)

Participants wore the device on their lower back for a full week of
continuous monitoring in a free-living environment. Activity was
measured by walk time, steps per day, bouts per day, time walking per
day, mean bout duration, short/long bout ratio, and bout length
variability.

Wang et al.,
2022 [18]∗

Randomized
controlled trial

Participants with DLB or PDD (n = 160)
Groups aggregated according to
intervention, not clinical diagnosis (i.e.,
placebo or various dopaminergic drug
doses)
Outpatient setting

Inertial measurement unit
(AX3 Axivity)

Participants wore the device for two weeks on the non-dominant wrist
once before, once during, and once after the 12-week intervention.
They were monitored continuously to evaluate activity by daytime
walking and average acceleration.
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Speech
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Shellikeri et
al., 2022 [29]

Cross-
sectional

DLB (n = 23), PDD (n = 37)
Outpatient setting

A microphone
Software: Speech activity
detector (LDC Hmm) and
a pitch tracker for Praat

Audio recordings of participants describing a picture were analyzed for
acoustic elements of speech, namely fundamental frequency range, and
syllables per second.

Yamada et al.,
2022 [36]#

Cross-
sectional

DLB (n = 27), AD (n = 45), cognitive
normal controls (n = 49)

iPad Air 2
Software: Voice activity
detector (IBM Watson),
and audio processing
libraries for Python
(Librosa,
Signal Analysis)

Audio recordings of participants completing five speech tasks (e.g.,
picture description) on the tablet were analyzed for acoustic elements
of speech, namely jitter (tone frequency variation), shimmer (tone
amplitude variation). Additionally, phoneme rate was measured but
only in picture description.

Color vision impairment or hypomimia
Reference Study design Study population Digital health technology Paradigm and digital biomarkers
Unger et al.,
2019 [26]

Cross-
sectional

DLB (n = 62), Pro-DLB (n = 25), AD
(n = 24)
Outpatient setting

Online version of the
Farnsworth D-15 color
vision test
(Hardware not reported)

Participants were asked to arrange 15 colored tiles into an ordered
color spectrum to examine the presence, severity, and type of color
vision impairment.

Jiang et al.,
2022 [22]

Cross-
sectional

non-AD dementia (including DLB
among other etiologies) (n = 45), AD
(n = 74), MCI-AD (n = 61), non-AD-MCI
(e.g., due to CVD, alcohol abuse, or
trauma) (n = 19)
Outpatient setting

iPad Air 9.7 running iOS
10 or higher using the
visMET-app

Participants’ faces were videorecorded while they passively observed
first 20 images with 2-5 objects, then an altered set of the same images.
Analyses of the facial expressions of participants were performed to
determine the likelihoods of each of seven emotions being expressed.

DLB, dementia with Lewy bodies; MCI, mild cognitive impairment; AD, Alzheimer’s disease; FTD, frontotemporal dementia; PDD, Parkinson’s disease dementia; BPSD, behavioral and
psychological symptoms of dementia; VaD, vascular dementia; SMI, subjective memory impairment; PD, Parkinson’s disease; CVD, cardiovascular disease; Pro-DLB, MCI with REM sleep
behavior disorder or parkinsonism but not meeting criteria for PD. ∗Record appears more than once in table. Several studies provided results on more than one digital biomarker and may occur
under different symptom grouping accordingly. #Reporting on participants who are also included in other records by same lead author.
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Fig. 2. Graphical representation of applied DHTs. A graphical representation of the DHTs applied for symptom assessment in the included
studies. An illustration might represent multiple DHTs if various assessments are described in the adjacent text. Some types of DHTs were
applied across multiple studies as illustrated by the numbers in parentheses. DHT, digital health technology; PPG, photoplethysmograph.
Created with BioRender.com.

biomarker (Table 3). Assessments of fine motor skills,
sleep, and gait or balance resulted in the highest
number of different digital biomarker values between
these two groups. In seven studies comparing DLB
with AD [24, 26, 28, 31, 32, 34, 36], group dif-
ferences in biomarker values were reported. These

were mainly from assessments of fine motor skills,
gait, dysautonomia, and color vision impairment
(Table 3). In studies comparing DLB with both con-
trols and AD, more biomarkers differed between DLB
and controls than between DLB and AD, and DLB
differed more significantly from controls than AD
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Table 3

Main findings from included studies

Fine motor skills

Reference Main results regarding DLB Comparisons with validated
symptom assessment

Feasibility aspects

Bailon et al., 2010
[27]

No significant differences between groups were
reported.

None reported Not reported

Kragh et al., 2018
[28]

DLB versus controls: multiple differences in alternating
hand tapping, two in lifting, and one in foot tapping.
DLB versus AD: inter-tap interval on the non-dominant
side in alternating hand tapping differed.
DLB versus FTD: inter-peak interval on the dominant
side in foot tapping differed.

Motor task score coefficients of variation
(range 0.26–0.34) were lower than those of
clinical rating (UPDRS, UHDRS, finger
tapping, tremor of hands, alternating
pronation/supination of hand) for the
DLB-group (range 0.49-1.58).

Reported as feasible in patients with dementia in
general since AD-patients were able to perform well on
the motor tasks despite having the most severe cognitive
impairment.

Wang et al., 2022
[18]∗

No subgroup analysis for patients with DLB was
reported.

None reported. Compliance (daily test completion) dropped from 80%
to 60% of participants during the study period.

Yamada et al.,
2022 [31]#

DLB versus controls: higher pressure variability, and
reduced drawing speed and smoothness in DLB.
DLB versus AD: reduced drawing speed and
smoothness in DLB.

None reported Not reported

Sleep
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Fukuda et al.,
2022 [20]

Three main patterns of sleeping problems were
identified. Digital sleep assessments sometimes differed
from staff observations and helped guide in appropriate
care planning.

None reported For several patients, sufficient data (i.e., more than two
weeks including the entire first week) could not be
obtained. Reasons counting device malfunctioning,
patient not sleeping in bed, and patient removing the
device from under the bed.

Kazui et al., 2017
[17]

Compared to controls, patients with DLB had a higher
activity count during sleep, spent more time in bed, and
slept for longer.
Additionally, wake time after sleep onset, and activity
counts per minute were reduced after taking donepezil.

The reduction in wake time after sleep onset
was strongly correlated to the reduction in
the Neuropsychiatric Inventory delusions
score (rs = 0.613, p = 0.012). Associations
with the Mayo Fluctuation Questionnaire
and other Neuropsychiatric Inventory-scores
including sleep disturbances were not
significant.

In total, four nights of potential data was not obtained
due to patients removing the device.

Moyle et al., 2018
[19]∗

No subgroup analysis for patients with DLB was
reported.

None reported After application of a wear-time criteria of 10 + hours,
42% of all participants were included in the daytime
analysis (2 with DLB), and 67% in the nighttime
analysis (5 with DLB). Issues included participants
removing the device and having difficulties wearing it.
The device regularly produced unreliable recordings (as
evaluated by the authors), causing a substantial loss of
data (not quantified).

(Continued)
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Main findings from included studies

Sleep

Reference Main results regarding DLB Comparisons with validated
symptom assessment

Feasibility aspects

Wang et al., 2022
[18]∗

No subgroup analysis for patients with DLB was
reported.

None reported Compliance with actigraphy was defined as 23 + hours
per day of watch-wearing with > 90% of all participants
achieving these requirements in each trial period.

Gait and balance
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Mc Ardle et al.,
2019 [32]#

DLB versus PDD: less asymmetry of swing- and stance
time in DLB.
DLB versus AD: greater variability for step length and
step velocity in DLB.
No differences remained significant after multiple
comparison adjustments.

Gait metrics derived from an instrumented
walkway are reported for reference purposes.
DLB differed from AD on one and not from
controls on any of these metrics.

Six of the 80 enrolled participants were excluded from
analysis due to technical issues with the device (not
syncing, not turned on, or wrong trial time recorded).

Mc Ardle et al.,
2021 [34]#

Lab-based paradigm:
DLB versus controls: Patients had greater variability for
step length, step-, swing- and stance time and step
velocity as well as more time in the step and swing
phase with greater asymmetry for swing time.
DLB versus AD: greater variability for step length and
step velocity in DLB.
Free-living paradigm:
DLB versus controls: Patients walked slower, had
shorter steps and greater variability of pace.
DLB versus AD: no significant differences.
A few differences became significant when excluding
bouts of duration longer than 10 seconds.

None reported Lab-based paradigm:
Six of the 95 enrolled participants were excluded from
analysis due to technical issues with the device (not
syncing, not turned on, or wrong trial time recorded).
Free-living paradigm:
Four of the 95 enrolled participants were excluded from
analysis due to missing data. Issues were problems with
data upload, unwillingness to wear sensor, and monitor
loss. Five participants had < 7 but > 3 days of useful data
due to discomfort (n = 1), hospitalization (n = 1), and
inadequate data quality (not specified) (n = 3).

Mc Ardle et al.,
2021 [35]#

DLB versus controls: Patients showed greater postural
instability in all directions.
DLB versus PDD: Less mediolateral instability in DLB.
No differences remained significant after multiple
comparison adjustments.

No significant associations with the
Activities-specific Balance Confidence scale,
or the UPDRS-III (motor examination).

Thirteen of the 110 enrolled participants were unable to
complete balance assessments.
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Dysautonomia
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Kim et al., 2015
[23]

No significant group differences, but nighttime blood
pressure dipping showed a tendency towards lower
values in groups with more cognitive impairment.

No significant associations. Decreased
nighttime blood pressure dipping tended to
correlate with spontaneous features of
parkinsonism (not specified).

Not reported

Negami et al.,
2013 [24]

Patients with DLB had decreased amplitude of the
sympathetic skin response as well as decreased
LF/HF-ratio on the heart rate variability assessment
when compared to patients with AD.

None reported Not reported

Oka et al., 2020
[25]

Patients with DLB were more likely than those with PD
to be classified as non-dippers because their nocturnal
blood pressure dropped less or even rose.

No significant associations. Prevalence of
dysautonomia by means of hypotension,
orthostatic (head-up-tilt-table test) or
postprandial (oral glucose tolerance test),
was higher in the DLB-group. Also, their
supine BP (head-up-tilt-table test) was
higher.

Not reported

Neuropsychiatric symptoms
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Moyle et al., 2018
[19]∗

No subgroup analysis for patients with DLB was
reported.

None reported After application of a wear-time criteria of 10 + hours,
42% of all participants were included in the daytime
analysis (2 with DLB), and 67% in the nighttime
analysis (5 with DLB). Issues included participants
removing the device and having difficulties wearing it.
The device regularly produced unreliable recordings (as
evaluated by the authors), causing substantial data loss
(not quantified).

Nagels et al., 2006
[21]

No subgroup analysis for patients with DLB was
reported.

None reported Not reported

Suzuki et al., 2017
[30]

Pupil diameter power change differed between correct
and pareidolic utterances in the DLB-group.
No differences compared to controls.

None reported Not reported

(Continued)
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Main findings from included studies

Physical activity and rest

Reference Main results regarding DLB Comparisons with validated
symptom assessment

Feasibility aspects

Mc Ardle et al.,
2019 [33]#

DLB versus controls: DLB were less active and had
lower bout length variability.
DLB versus PDD: DLB had relatively more long than
short bouts.

Activities-specific Balance Confidence scale
score was moderately strongly correlated
with bouts per day (r = 0.509, p = 0.004), and
walking duration (r = 0.412, p = 0.024), and
weakly correlated with Steps per day
(r = 0.373, p = 0.042). Additionally,
UPDRS-III-score showed weak correlations
with bouts per day (r=–0.385, p = 0.039),
and walking time (r=–0.382, p = 0.041).

Four of the 112 enrolled participants were excluded
from analysis due to missing data. Issues were problems
with data upload, unwillingness to wear sensor, and
monitor loss. Additionally, five participants had < 7
but > 3 days of useful data due to discomfort (n = 1),
hospitalization (n = 1), and inadequate data quality (not
specified) (n = 3).

Wang et al., 2022
[18]

No subgroup analysis for patients with DLB was
reported.

None reported Compliance with actigraphy was defined as 23 + hours
per day of watch-wearing with > 90% of all participants
achieving these requirements in each trial period.

Speech
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Shellikeri et al.,
2022 [29]

No significant differences between groups were
reported.

None reported Not reported

Yamada et al.,
2022 [36]#

DLB versus controls: Patients had more jitter in one
speech task, and a lower phoneme rate.
DLB versus AD: more jitter in one speech task in DLB.

None reported Of eight participants not completing every speech task,
three patients had DLB, and they completed four tasks
each. Issues were verbal refusals or failure to follow
instructions.

Color vision impairment or hypomimia
Reference Main results regarding DLB Comparisons with validated symptom

assessment
Feasibility aspects

Unger et al., 2019
[26]

DLB versus AD: higher prevalence and severity of color
vision impairment in DLB
DLB versus pro-DLB: higher prevalence of color vision
impairment in DLB (p = 0.05)

No significant associations were found
between presence of color vision impairment
and visual hallucinations, probable RBD, or
autonomic dysfunction.

Not reported

Jiang et al., 2022
[22]

No subgroup analysis for patients with DLB was
reported.

None reported Not reported

Main results include only significant results if not otherwise stated. Due to space limitations, insignificant results are not always presented, but all investigated biomarkers are mentioned in Table
2. For comparisons of digital biomarkers with validated symptom assessments, only results specific to the DLB-group were reported. DLB, dementia with Lewy bodies; AD, Alzheimer’s disease;
FTD, frontotemporal dementia; PDD, Parkinson’s disease dementia; UPDRS, Unified Parkinson’s disease rating scale; UHDRS, Unified Huntington’s disease rating scale; PD, Parkinson’s disease.
∗Record appears more than once in table. Several studies provided results on more than one digital biomarker and may occur under different symptom grouping accordingly. #Reporting on
participants who are also included in other records by same lead author.
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[27, 28, 31, 34–36] on the same biomarkers. Of note,
four digital biomarkers differed between DLB and
PDD (in assessment of gait, balance, and physical
activity/rest) [32, 33, 35], one between DLB and
Parkinson’s disease (PD, dysautonomia) [25], and
one between DLB and frontotemporal dementia (fine
motor skills) [28].

Comparisons with validated symptom assessment
methods

Eight studies [17, 23, 25, 26, 28, 32, 33, 35]
compared results from digital biomarkers in patients
with DLB to validated symptom assessment methods
(Table 3). One study [33] found that digital biomark-
ers assessing physical activity showed moderately
strong, positive correlations with self-reported ability
to maintain balance as measured with the Activities-
specific Balance Confidence (ABC) scale. In the same
study, weak correlations were found between digi-
tal biomarkers assessing physical activity and motor
symptoms according to clinical evaluation using the
UPDRS-III. One digital biomarker assessing sleep
was significantly correlated to delusional behavior as
assessed with the Neuropsychiatric Inventory (NPI)
[17]. In contrast, Kazui et al., who reported these
findings, also reported scores from assessments of
sleep disturbances using the NPI to be reduced
after taking donepezil, but changes of the digital
biomarkers which was applied in the trial were not
significantly associated to these changes. Of interest,
Kragh et al. reported that the variability of certain
digital biomarkers assessing fine motor skills (e.g.,
frequency of finger tapping, and frequency of alter-
nating pronation/supination of hand) were lower than
the variability of results from corresponding clinical
assessments [28]. Consequently, the authors suggest
that digital biomarkers could be more sensitive to
small changes that would go undetected by regular
clinical examination.

Aspects of feasibility

Data on feasibility of DHTs in the studied patient
population was sparse and not collected systemat-
ically. Most studies reported pooled results on the
whole study population, whereby specific data on
aspects of feasibility in patients with DLB could not
be extracted (Table 3). In general, data was obtained
from assessments of most of the included participants
in almost all studies.

A single study, by Negami et al., explicitly reported
on adverse events, and participants in this study did
not experience adverse events in relation to measure-
ment of symptoms of dysautonomia using automated
blood pressure monitoring [24]. We found no studies
purposely reporting on participant experience by e.g.,
questionnaires. However, five studies made mention
of user related issues regarding usability of DHTs
applied for continuous monitoring (i.e., discomfort
[33], unwillingness to wear the DHT [34], difficul-
ties wearing the DHT [19], or participants removing
the DHT [17, 19, 20]) but did not provide additional
details. Aside from these user related issues, diffi-
culties in the obtainment of useful data were mainly
reported as related to technical problems (e.g., device
malfunctioning [20], data upload issues [33, 34]), or
poor data quality. Specifically, two studies raised con-
cerns about the reliability of DHTs concerning data
quality [19, 33], while the remaining did not report
on this matter at all. One study [33] quantified the
amount of data evaluated as being of inadequate qual-
ity, but details from data quality assessments were
not reported in any studies. Regarding the two ran-
domized controlled trials using DHTs to assess the
effects of interventions, no drop-out were reported to
be related to the DHT in one study [19], and reasons
for drop-out or non-compliance were not reported on
in the other study [18].

Two studies considered feasibility of the applied
DHT to be limited based on the reported amount of
data loss due to user related issues or low-quality
data. Moyle et al. [19] reported almost half of par-
ticipants not wearing the device for at least 10 of
the 12 planned hours, which the authors required
for inclusion in the analysis, and Fukuda et al. [20]
report unreliable data from the DHT in addition to
the DHT not being able to monitor participants due
to their behavior. Of note, Wang et al. [18] reported
a drop from 80% to 60% of participants adhering to
daily finger tapping test completions during the 16-
week study period but the authors did not consider
this indicative of limited feasibility of applying the
digital biomarker for assessment of the effect of the
pharmacological intervention.

Results from assessments of study quality

The results of the study methodology assessments
are presented in Fig. 3. Four studies were not assessed
since no biomarker values for patients with DLB were
extracted [18, 19, 21, 22]. In general, studies per-
formed well on providing a clearly stated research
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Fig. 3. Quality assessments of included studies. Results from application of the modified check list for assessment of study methodology.
Each column represents a criterion from the check list. Studies marked with YES did meet the criterion, whereas studies marked with NO
did not. The applied check list is available in the Supplementary Material.

question/objective, applying uniform eligibility cri-
teria for all participants, and implementing clearly
defined outcomes. In contrast, most studies failed
to provide sample size justifications, blind outcome
assessors from participant diagnosis, and account for
key potential confounders in the statistical analyses.
Half of the studies clearly specified the study popu-
lation.

DISCUSSION

We conducted a systematic review on digital
biomarkers for the assessment of non-cognitive
symptoms in patients with DLB. A wide vari-
ety of different DHTs were used across studies
mostly assessing motor symptoms. Digital biomark-
ers assessing physical activity and fine motor skills
showed reasonable comparability when compared
with other methods for assessment of similar symp-
toms in patients with DLB, but such comparisons
were seldom reported on. Issues related to feasibil-
ity were due to technical problems or participants not
being compliant to continuous monitoring. However,
feasibility was not reported on in a systematic way,
and not in patients with DLB, specifically.

So far, data on digital biomarkers related to non-
cognitive symptoms in DLB is limited. Reviews show
that research in this area extends further in AD [37,
38] and especially in PD [39–43], which however
share some symptoms with DLB [44, 45]. In AD
and PD, comparable (and sometimes identical) DHTs
have been used for assessments of similar symptoms
as those in the included studies, e.g., IMUs for assess-
ment of gait [46, 47], sleep [48, 49] and activity [50,
51], and dysautonomia assessed using photoplethys-
mography [52] or blood pressure monitors [53]. Our
findings align with those in AD and PD. Specifically,
a vast assortment of DHTs and paradigms have been
used, which is a barrier to establish a broad evidence
base for specific DHTs that show promise and in
terms of comparing DHTs which has been done in
relatively few studies [54–57]. We identified no stud-
ies directly comparing portable or wearable DHTs
in DLB, but one study [32] showed that a wearable
IMU used for assessment of gait was superior to an
instrumented walkway in terms of providing signif-
icant biomarker differences between DLB and other
diagnostic groups. Although two studies [17, 20]
reported on identical outcomes (i.e., sleep duration
and sleep efficiency) in DLB, populations and settings
of the studies differed noticeably (i.e., admission in
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a dementia care unit versus home-based monitor-
ing) thus limiting the value of comparing the DHTs
applied. Future research in digital biomarkers in DLB
might benefit from the efforts that have been made
to compare different DHTs by using a numbered
scale reflecting their level of readiness for clinical
use in PD [58], although we did not examine this
aspect.

Most common types of symptoms in DLB were
investigated, however considering core clinical fea-
tures of DLB, we did not identify DHTs assessing
fluctuations or REM sleep behavior disorder although
application of IMUs in measurements of patients
with PD have shown high specificity for RBD [59].
Moreover, certain symptoms considered as support-
ive clinical features of DLB such as constipation or
hyposmia [4] were not assessed by any of the included
studies. Neither have such symptoms been assessed
in patients with PD or AD [37, 39, 40]. Existing wear-
able DHTs and digital biomarkers might however be
used such as a smart belt for assessment of gastroin-
testinal symptoms [39], and a vocal biomarker for
detection of hyposmia [60].

In general, most studies did not report comparisons
of digital biomarkers with other methods of symp-
tom assessments in patients with DLB specifically,
or they reported comparisons that were not evidently
suitable for evaluation of the digital biomarkers’ abil-
ity to measure symptoms (e.g., correlations between
parkinsonian symptoms and decreased fall in night-
time blood pressure [23], and NPI delusions score
and features of sleep [17]). In this regard, evi-
dence to proper evaluate digital biomarkers’ ability
to capture non-cognitive symptoms in DLB is lack-
ing. This illustrates a need for a more standardized
approach in the validation of digital biomarkers for
symptom assessment in DLB. Indeed, the lack of
standardization has been raised as a general concern
regarding development of novel digital biomarkers,
and a checklist to ensure proper validation have been
provided for the design of future clinical trials [61].
Ideally, new biomarkers should be validated against
current gold standards for symptom assessment.

As all but two studies were cross-sectional, limited
evidence is available on the longitudinal applica-
tion of the investigated digital biomarkers in DLB
(i.e., sensitivity to symptom progression) advising the
need for prospective study designs in future assess-
ment of the most promising DHT’s. It has been
suggested that test-retest repeatability and sensitivity
to symptom progression is a valuable and important

approach for validating biomarkers [40], and future
studies could incorporate these aspects to elucidate
this further.

Uncertainty remains as to whether most of the
applied DHTs can be considered feasible for use in
patients with DLB as data are not reported for key
aspects such as adverse events, user experiences, and
data quality assessments. Feasibility of applying digi-
tal biomarkers in PD [42, 43] or cognitive impairment
[62] have been reviewed with similar findings. Of
interest, our findings on amounts of data lost due
to human factors using wearables matched those of
similar studies in patients with PD and were lower
than in studies on stroke-patients [43]. This sug-
gests that DHTs could be applied in assessments of
patients with DLB on the same terms as in the men-
tioned patients without dementia, which might make
portable and wearable DHTs preferable to demand-
ing methods for obtainment of biomarkers in patient
with dementia.

The relevance of specific information on feasibility
remains as minor issues such as discomfort or sub-
jective preferences in relation to device usage is of
importance to patients, and such information might
help in ensuring data collection. Indeed, it has been
possible to identify barriers for using DHTs by peo-
ple with dementia and addressing these barriers have
resulted in higher patient satisfaction and a reduc-
tion in data lost due to human factors as reported
in [43, 51, 63]. One approach to ensure systematic
data collection of aspects of feasibility is to include
patient reported outcome measures (PROMs) specif-
ically on the use of DHTs for symptom assessment.
Such PROMs have been assessed in studies includ-
ing patients with PD and AD using questionnaires and
interviews [51, 64], and similar assessments could be
applied in future studies including patients with DLB.

None of the identified studies specifically aimed to
investigate DHTs in early versus late disease stages.
Between studies, there were differences on mean cog-
nitive performance but there were no tendencies to
be detected in terms of which DHTs were applied
nor for measures of diagnostic accuracy. However,
there were indications of reduced feasibility in studies
reporting on populations with more severe behavioral
disturbances. It is likely that different DHTs are rel-
evant in early compared to late disease stages, but
more studies are needed to further elucidate this.

We recognize that the present review is not with-
out limitations. For instance, there is a possibility
of publication bias, since studies on DHTs result-



448 N.S. Sjaelland et al. / Digital Biomarkers in DLB

ing in adverse events or without significant, positive
outcomes might not have been submitted, an aspect
we did not investigate by means of meta-analysis,
which was not pre-planned. Another limitation is
that we included studies not reporting results for
patients with DLB explicitly, which might have
skewed our findings. Finally, studies not published
in English language were not considered due to lack
of resources, which might limit retrieval of rele-
vant studies. Despite these shortcomings, this review
offers a useful summary of the field and provides
important recommendations for future research to
attend to. Strengths of this review included a well-
planned, rigorous approach and our broad search
strategy encompassing several databases, ensuring
adequate capture of relevant literature.

Research on digital biomarkers from wearable or
portable DHTs in patients with DLB is still in its
very infancy in the assessment of the non-cognitive
symptoms. Most non-cognitive symptoms have been
assessed, but the field is very diverse, without stan-
dardized protocols, and thus no broad evidence base
exists for individual, digital biomarkers. Currently,
no fully validated methods for assessments of non-
cognitive symptoms in DLB by wearable or portable
DHTs exist and means of feasibility were not for-
mally assessed in the included studies. Thus, there
is a need for more knowledge about feasibility and
validity of symptom assessment before conclusions
can be made concerning the use of digital biomarkers
in DLB. Future studies should focus on closing these
gaps before digital biomarkers may enter routine
clinical practice, ideally by systematically apply-
ing outcomes to evaluate feasibility and validity.
Our findings support proposed recommendations for
future research in wearable DHTs emphasizing the
importance of standardization of evaluation of digital
biomarkers [42].
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