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Abstract Upper limb motor function is a poten-
tial new biomarker of cognitive impairment and may
aid discrimination from healthy ageing. However, it
remains unclear which assessments to use. This study
aimed to explore what methods have been used and
to describe associations between upper limb function
and cognitive impairment. A scoping review was con-
ducted using PubMed, CINAHL and Web of Science.
A systematic search was undertaken, including syno-
nyms for key concepts ‘upper limb’, ‘motor function’
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and ‘cognitive impairment’. Selection criteria included
tests of upper limb motor function and impaired cog-
nition in adults. Analysis was by narrative synthesis.
Sixty papers published between 1998 and 2022, com-
prising 41,800 participants, were included. The most
common assessment tasks were finger tapping, Purdue
Pegboard Test and functional tasks such as writing.
Protocols were diverse in terms of equipment used and
recording duration. Most participants were recruited
from clinical settings. Alzheimer’s Disease was the
most common cause of cognitive impairment. Results
were mixed but, generally, slower speed, more errors,
and greater variability in upper limb movement vari-
ables was associated with cognitive impairment. This
review maps the upper limb motor function assess-
ments used and summarises the available evidence
on how these associate with cognitive impairment. It
identifies research gaps and may help guide protocols
for future research. There is potential for upper limb
motor function to be used in assessments of cognitive
impairment.

Keywords Upper limb - Motor function - Cognitive
impairment - Dementia - Mild cognitive impairment
Introduction

The underlying brain pathology for most types of

dementia develops over decades, prior to the cogni-
tive symptoms emerging [1]. Motor changes related
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to this neuropathology have shown potential as non-
invasive biomarkers [1-3]. In 2020, The 5th Canadian
Consensus Conference on Diagnosis and Treatment
of Dementia (CCCDTD) recommended that assess-
ment of motor function should be included in demen-
tia investigations as there is strong evidence that it can
aid detection of cognitive impairment or dementia risk
in older adults [2]. Motor biomarkers provide a low
cost and accessible method for identifying early-stage
cognitive impairment [4] and predict transition from
mild cognitive impairment (MCI) to dementia [3, 4].
This may facilitate referral to specialised clinics, early
risk modification and recruitment to intervention trials
[5-71].

Gait has been the most studied motor biomarker
with strong evidence showing cognitive impairment
associates with impairments in gait [1, 5, 8, 9]. From
gait studies, we know that the premotor cortex plays
a key role in controlling and coordinating the neu-
ral activity in areas of the brain (such as the basal
ganglia, brainstem and cerebellum) that are involved
in planning and execution of movement [10]. The
higher level control of the prefrontal cortex is fur-
ther implicated when a cognitive task is performed
while walking (dual-task). Damage to the prefron-
tal cortex caused by stroke or neurodegenerative
disease is associated with gait impairment such as
slowed walking speed and greater step time variabil-
ity [2, 10-12]. Although the neurocognitive mecha-
nisms underpinning the upper limb motor function
(ULMF) changes seen with cognitive impairment
are not fully understood yet, it would seem likely
that they are comparable to those for gait.

Assessment of ULMF may provide additional ben-
efits as many subtle measures of gait are undetect-
able by clinical observation and require electronic
gait analysis systems which limits widespread access
[13, 14]. In addition, gait analysis poses challenges
for remote assessment and in people who have ambu-
latory difficulties. In contrast, analysis of ULMF is
generally more accessible as it can be assessed using
readily available mobile phones and computers and
tests can be performed seated.

Emerging evidence shows that a range of ULMFs
change in cognitive impairment and may aid discrim-
ination from healthy ageing, but this has been less
explored than gait [15-20]. It remains unclear what
tasks of ULMF to use, how best to measure these and
what movement variables associate with cognitive
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impairment. This hinders integration of ULMF
assessments into investigations of cognitive impair-
ment. This review thus aimed to address the question:
‘What methods of assessing ULMF have been used to
investigate the association of ULMF with cognitive
impairment in adults?’ via four sub questions:

1. What fests (including the task, equipment, pro-
tocol, and movement variables) of ULMF have
been used to investigate cognitive impairment in
adults?

2. What conditions/diseases with resultant cognitive
impairment have been studied?

3. What were the major participant recruitment

settings?

4. How does ULMF associate with cognitive
impairment?

Methods

A scoping review was conducted using JBI methodol-
ogy for Scoping Reviews and reported following the
Preferred Reporting Items for Systematic Reviews
and Meta-Analyses—extension for scoping reviews
(PRISMA-ScR) guidelines [21, 22]. A protocol was
designed to define the questions and clarify methods
and reporting (published in Figshare [23]).

We searched PubMed, CINAHL and Web of Science
databases for studies published in English up to March
2022. Search terms included synonyms for the three
main concepts: 1. Cognitive impairment, 2. Upper limb,
3. Motor function. We included terms describing special-
ised tasks of the hands and upper limbs such as writing,
drawing and grasping. Appendix 1 shows the keywords
and Medical Subject Headings (MeSH) terms used for
the PubMed search.

Eligibility criteria

All human research studies and systematic reviews
examining the association between ULMF and cog-
nitive impairment (caused by any disease/condition)
in adults (>18 years) were included. Books, theses,
research protocols, and blogs were excluded. Eligi-
ble studies required at least one test of cognition and
inclusion of participants with cognitive impairment.
All tests involving dynamic and volitional functions
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of the upper limb were eligible, except for grip
strength. Evidence from many other studies shows
grip strength is associated with cognitive impairment
and its measurement is recommended by the fifth
Canadian Consensus Conference on Diagnosis and
Treatment of Dementia (CCCDTDS5) on early non-
cognitive markers of dementia [2]. Furthermore, it
could be argued that grip strength is not kinematic/
dynamic, but rather a kinetic/isometric contraction.
Studies of movement analysis in sleep were also
excluded as these movements are considered involun-
tary. All methods of assessing ULMF were eligible.

Data extraction process

Search results were exported to Covidence software,
and duplicates removed. Titles and abstracts were
screened independently by two reviewers (KR plus
JA, MC or KL) against the eligibility criteria. Full
texts of selected articles were retrieved and indepen-
dently screened by two reviewers for inclusion; disa-
greements were resolved through consensus of the two
reviewers and, when required, a third reviewer. As rec-
ommended by JBI manual for evidence synthesis [22],
a draft data extraction table was developed, piloted,
and revised by all authors before it was created in Cov-
idence. This extraction table structured the researchers
approach to ensure they extracted the same sets of data
from each study and provided a logical summary of

results based on the questions of the scoping review
[22]. One author (KR) used this to extract data on each
study’s design, recruitment setting and characteristics,
disease or condition resulting in cognitive impairment,
tests (including ULMF task, equipment, protocol, and
movement variables) and key findings.

Results
Selection of sources of evidence

2,219 records were initially identified and, after
removing duplicates, 2,169 sources remained. Sixty
papers met all selection criteria. Figure 1 shows the
flow of information through the steps of this review.

Characteristics of the evidence

Table 1 summarises the characteristics of 60 included
articles. The papers were dated from 1995 to Febru-
ary 2022 and comprised 41,800 participants. Most
studies (55%) were conducted in the United States,
Germany, Japan, China, and the United Kingdom.
There were 54 cross-sectional studies (90%), five
longitudinal studies (8%) and one systematic review.
Five of the cross-sectional studies were sub-studies of
longitudinal cohorts.

Sub-question 1. What fests of ULMF have been
used to investigate cognitive impairment in adults?

Fig. 1 PRISMA flow dia-
gram of the study selection
in the review

2219 records identified
2088 from PubMed
50 from Web of Science
76 from CINAHL

Screening ‘ | Identification

2169 titles and
abstracts screened

131 Full texts reviewed for
inclusion/exclusion criteria

71 papers excluded

* 31 No cognitive impairment

17 Did not investigate ULMF

60 papers included in the
review

and cognitive impairment

16 Wrong upper limb test

* 6 Paper not in English

| Included ‘ |Eligibility|

1 No cognitive assessment
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Table 1 Characteristics of included papers

Author (year) Country Setting Design Population Test(s) of cognition
Ott (1995) [24] USA Clinic Cross-sectional 25 AD MMSE
25 HC
Welch (1997) [25] USA Clinic Cross-sectional 42 with KS Wechsler Memory Scale-
14 alcohol dependents Revised
without KS
26 HC
Camicioli (1998) [26] USA Community Longitudinal 85 at baseline: Clinical Dementia Rating
(minimum 1.2 years) - 18 developed CI Scale
- 67 remained cogni-
tively intact
Goldman (1998) [27] USA Research Cross-sectional 58 PD without dementia Comprehensive neuropsy-
22 PD with questionable  chological assessment
dementia
43 HC
Willis (1998) [28] USA Clinic Cross-sectional 26 AD MMSE
42 HC
Goldman (1999) [29] USA Clinic Cross-sectional 60 mild AD Wechsler Memory Scale
43 HC
Schroter (2003) [30] Germany Clinic Cross-sectional 35 AD MMSE
39 MCI
39 Major depression
40 HC
Amieva (2004) [31] France Clinic Longitudinal 90 MCI at baseline: MMSE
(2 years); a sub-study of - 29 progressed to
a multicentre double- dementia
blind RCT - 61 remained dementia
free
Muhlack (2006) [32] Germany Clinic Cross-sectional 12 AD MMSE
12 MCI
12 HC
Bramell-Risberg (2010) Sweden Community Cross-sectional (part of 301 CI MMSE
[33] a longitudinal 419 intermediate CI (grouped based on 3-word
study—Good Ageing in 1,207 HC recall test)
Skane)
Buracchio (2010) [6] USA Community Longitudinal 204 at baseline: MMSE
(mean 9 years) - 95 converted to MCI
- 109 remained cogni-
tively normal
Ameli (2011) [34] Germany Clinic Cross-sectional 8 MCI Comprehensive neuropsy-
8 AD chological assessment
Rousseaux (2012) [35]  France Clinic Cross-sectional 31 AD MMSE
38 HC
Rabinowitz (2014) [36] Israel Community Cross-sectional 170 participants: MMSE
- 97 with CI,
- 73 without CI
Henley (2014) [37] UK Clinic Cross-sectional 20 bvFTD, Comprehensive neuropsy-
11 semantic PPA chological assessment
4 non-fluent PPA
8 AD
31 HC
Johnen (2015) [38] Germany Clinic Cross-sectional 20 AD MMSE
20 bvFTD
20 HC
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Table 1 (continued)

Author (year) Country Setting Design Population Test(s) of cognition
Ward (2015) [39] Brazil Clinic Cross-sectional 52 AD MMSE
45 MCI
39 HC
Nagahama (2015) [40]  Japan Clinic Cross-sectional 74 DLB MMSE
100 AD
52 VaD
75 HC
Lin (2016) [41] China Clinic Cross-sectional 10 AD MMSE
10 HC
Toosizadeh (2016) [42] USA Clinic Cross-sectional 10 CI MMSE
57 HC MoCA
Fritz (2016) [43] USA Clinic Cross-sectional 21 LBD MMSE
21 AD
21 PD
11 DLB
10 PDD
Souza (2016) [44] Brazil Clinic Cross-sectional 41 PD-AD MMSE
19 PD-MCI
41 PD
88 HC
Dahdal (2016) [45] Switzerland Clinic Cross-sectional 20 PD-MCI MMSE
31 PD-cognitively
normal
Darweesh (2017) [19]  Netherlands Community Longitudinal 4856 at baseline: MMSE
(Median 9.2 years) - 227 developed dementia,
A sub-study of a pro- - 50 developed parkin-
spective population- sonism
based Rotterdam
Study
Kay (2017) [46] USA Clinic Cross sectional 24 aMCI MMSE

41 APOEe4 carriers HC
65 non-carriers HC

Kueper (2017) [3] Canada NA Systematic review NA NA

Bartoli (2017) [47] Italy Clinic Cross-sectional 20 CI MMSE
20 HC

Sanin (2017) [48] Austria Clinic Cross-sectional 45 AD MMSE
38 MCI
50 HC

Garre-Olmo (2017) [49] Spain Clinic Cross-sectional 23 AD Cambridge Cognitive
12 MCI Examination Revised
17 HC

Suzumura (2018) [50]  Japan Clinic Cross-sectional 31 AD MMSE
15 MCI
48 HC

Roalf (2018) [51] USA Clinic Cross-sectional 131 AD MMSE
46 PD
63 MCI
62 HC

Gupta (2018) [52] India Clinic Cross-sectional 90 alcohol abstinent MMSE

patients
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Table 1 (continued)

Author (year) Country Setting Design Population Test(s) of cognition
Rycroft (2018) [53] USA Community Cross-sectional (Part of 68 aMCI Comprehensive neuropsy-
the Boston Rehabilita- 15 naMCI chological assessment
tive Impairment Study 98 mdMCI
of the Elderly (RISE)) 249 HC
Gulde (2018) [54] Germany Clinic Cross-sectional 11 AD MMSE
15 HC
Jeppesen Kragh (2018)  Denmark Clinic Cross-sectional 17 AD MMSE
[55] 19 FTD ACE
13 DLB
15 HC
Zhang (2018) [56] China Community Cross-sectional 20 MCl/no Tai Chi MoCA
20 MCI/Tai Chi
30 HC/no Tia Chi
30 HC/Tai Chi
Carment (2018) [17] France Clinic Cross-sectional 11CI MMSE
HC groups:
- 10 young adults
- 8 middle-aged adults
- 11 older adults
Fadda (2019) [57] Italy Clinic Cross sectional 10 DLB MMSE
10 HC FAB
Toosizadeh (2019) [58] USA Clinic Cross-sectional 22 AD MMSE
24 MCI MoCA
35 HC
Mollica Spain Clinic Cross-sectional 15 AD/Amyloid f+ Comprehensive neuropsy-
(2019) [59] 20 HC/Amyloid p+ chological assessment
37 HC/Amyloid p -
Tomita (2020) [60] Japan Community Cross-sectional 60 CI MoCA
42 CH
Bologna (2020) [61] Italy Clinic Cross-sectional 20 mild to moderate AD Comprehensive neuropsy-
20 HC chological assessment
MMSE
Liou (2020) [62] Taiwan Clinic Cross-sectional 11,935 mild dementia FUNDES-Adult
20,883 moderate to
severe dementia
San Martin-Valenzuela ~ Spain Clinic Cross-sectional 28 MHE MMSE
(2020) [63] 38 without MHE
Hesseberg (2020) [18]  Norway Community Cross-sectional (part of 38 dementia MMSE
a l-year longitudinal 60 MCI
study)
Ntracha (2020) [64] Greece Community Cross-sectional 11 MCI MMSE
12 HC
Ehsani (2020) [65] USA Community Cross-sectional 16 early-stage AD MMSE
30 aMCI MoCA
35 HC
Zhang (2021) [66] China Research Cross-sectional 20 MCI MoCA
41 HC
Paixao (2021) [67] Portugal Community Cross-sectional 22 dementia (institution- ACE
alised)
28 dementia (community
dwelling)
26 HC
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Table 1 (continued)

Author (year) Country Setting Design Population Test(s) of cognition
Mancioppi (2021) [68]  France Clinic Cross-sectional 17 MCI MMSE
27 HC
Nagahama (2021) [69]  Japan Clinic Cross-sectional 162 AD MMSE
103 DLB
Uwa-Agbonikhena Ukraine Clinic Cross-sectional 86 participants 1-year MMSE
(2021) [70] post-stroke MoCA
Beeri (2021) [71] USA Community Longitudinal 1160 with no CI at MMSE
(mean 7.3 years) baseline
166 developed AD
Zhao (2021) [72] China Community Cross-sectional 35 AD/no exercise MMSE
habits MoCA
35 AD/exercise habits
35 HC/no exercise
habits
35 HC/exercise habits
Suzumura (2021) [73]  Japan Clinic Cross-sectional 44 AD MMSE
20 MCI
Colella (2021) [74] Italy Clinic Cross-sectional 14 aMCI MoCA
16 HC
Cosgrove (2021) [75] UK Clinic Cross-sectional 22 PD-normal cognition MoCA
23 PD-MCI
10 PD-Dementia
19 HC-normal cognition
10 HC-MCI
Davoudi (2021) [76] USA Research Cross-sectional 29 AD Comprehensive neuropsy-
27 VaD chological assessment
175 HC MMSE
Kutz (2022) [77] Germany Research Cross-sectional (part of 66 MCI MoCA
the SENDA study) 80 pMCI
79 HC
Schmidt (2022) [78] Germany Clinic Cross-sectional 47 PD MMSE

Papers are presented chronologically according to publication date. MMSE Mini Mental State Examination, AD Alzheimer’s Disease,
HC healthy controls, PPA primary progressive aphasia, CI cognitive impairment, RCT Randomised Clinical Trial, KS Korsakoff’s
Syndrome, LBD Lewy Body dementia, PD Parkinson’s Disease, MCI mild cognitive impairment, CCT cube copying test, bvF'TD
behavioural variant frontotemporal dementia, DLB dementia with Lewy body, VaD vascular dementia, MoCA Montreal Cognitive
Assessment, PDD Parkinson’s disease with dementia, PD-AD Parkinson’s disease with Alzheimer’s Disease, PD-MCI Parkinson’s
disease with mild cognitive impairment, aMCI amnestic MCI, naMCI non-amnestic MCI, mdMCI multi-domain MCI, Amyloid
p+ Amyloid Beta positive, Amyloid § - Amyloid Beta negative, ACE Addenbrooke’s Cognitive Examination, FAB Frontal Assess-
ment Battery, FTD frontotemporal dementia, FUNDES-Adult Functional Disability Evaluation Scale-Adults, MHE Minimal Hepatic
Encephalopathy, pMCI possible MCI, SENDA study Sensor-based systems for early detection of dementia, NA not applicable

Table 2 and Fig. 2 outline the tests of ULMF in
the included papers. The narrative synthesis considers
the 4 main components of motor function tests: the
task, equipment, protocol and movement variables.
We recognise there are many ways to group upper
limb assessments and that, some may argue that there
are better ways to group the tests, especially for those
that are new/experimental. In this review, and for ease

of classification, we grouped the tasks based on the
number of parts of the upper limb that are involved in
completing the ULMF assessment.

Tasks involving a part of the upper limb

Finger tapping Finger tapping (FT) was the most
common task with twenty-seven (45%) studies using

@ Springer
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Fig. 2 Task groups used
for testing upper limb
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it as the main task, or one of the tasks. Nearly all
studies analysed FT frequency or number of finger-
taps. Protocols have evolved with advances in tech-
nology, allowing more precise recording with more
recent papers including analysis of additional vari-
ables such as time between taps and rhythm fluctu-
ations. FT was performed either by tapping a key/
lever with the index finger (index-target tapping) or
tapping the index finger to the thumb (index-thumb

tapping):

Index-target tapping

Twenty-two (37%) studies used this task. The first,
published in 1995 [24], used a computer keyboard to
count the number of fast-paced finger-taps. Since then,
eight studies used fast-paced tapping of a computer key
or lever [6, 18, 27, 29, 55, 59, 63, 71]. Movement vari-
ables such as number of taps and tapping speed were
extracted. Three studies measured self-paced and fast-
paced FT for 15 s, using a force transducer [36, 77] or
touchpad [50]. Three studies employed ‘cued’ FT pro-
tocols requiring tapping to defined frequencies paced
by auditory cues [51] or visual cues [46].

More recent studies used infrared-light sensor
technologies to measure FT: two used photoelectric
sensors arranged around a frame to measure fast-
paced FT over 8 s [51] and one required participants
to tap their index finger through an infrared light
beam for 10 s [51]. Another study [68], used wearable
electromechanical sensors on the index finger during
15 s of comfortable pace tapping on the table.

S Reach/Grasp/Lift tasks

A targeted action

Il

Gesture imitation/pantomime

Tasks involving drag/track

A functional task

|

In total, five (8%) studies used index-thumb tap-
ping; the first, published in 1998, measured the num-
ber of taps in 10 s performed by people with Alzhei-
mer’s Disease (AD) [28]. In four recent papers (since
2020) participants were asked to tap at a fast pace for
15 s while wearing reflective markers or magnetic
sensors on their thumb and index finger [60, 61, 73,
74]. Extracted movement variables included speed,
amplitude, and variabilities in time and speed of a
finger-tap cycle [60, 61, 73, 74].

Elbow/forearm movements The first study of fore-
arm movement in cognitive impairment was in1998
[28] and researchers visually counted the number of
correct supination/pronation cycles in 10 s. The next
study was 12 years later [33] using an optical shaft
encoder to measure the number of fast-paced supina-
tion/pronation cycles in 10 s. Since then, two studies
used wearable 3-D gyroscopes to measure additional
variables such as speed, rise time and speed variabil-
ity of self-paced and fast-paced elbow flexion move-
ments in 20 s [42, 58] and one used the same device
to assess speed and variability of self-paced elbow
flexions over 60 s [65].

Tasks involving multiple parts of the upper limb
Purdue Peghoard Test (PPT) The PPT involves

placing a series of pegs into holes on a board as fast
as possible and has been utilised in four studies.
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Three used the 25-hole PPT [19, 32, 71] and one used
a 9-hole pegboard [43]. Studies used various proto-
cols: two measured the number of pegs inserted into
holes of a 25-hole pegboard in 30 s [19, 71] and two
timed participants inserting pegs and removing them
from a 25-hole pegboard [32] and a 9-hole pegboard
respectively [43].

Writing/drawing tasks Three studies [30, 49, 76]
used writing or drawing tasks to investigate whether
kinematic measures (such as speed and smoothness)
of digital pen movements on a digitising tablet or
paper could differentiate between people with cogni-
tive impairment—including MCI, AD and Vascular
dementia (VaD)—and healthy controls (HC). In one
study [76], participants drew a clockface on paper
using a digitising pen. In another, participants drew
concentric circles on a digitising tablet, at a fast pace
[30]. In a study [49] which included sentence writing
tasks too, participants drew circles on a digitising tab-
let at a self-selected pace.

Reach/Grasp/Lift tasks Three studies used tasks
involving reach/grasp/lift of an object [34, 55, 75]. In
one study [34], participants with MCI and AD lifted
objects with different weights and held them for 4 s.
In another [55], participants with dementia (various
types) lifted an object for 20 s. Both studies analysed
steadiness and speed. One study [75] assessed reach-
ing for an object at self-selected and fast paces, under
various visual conditions in HC and Parkinson’s Dis-
ease (PD), some with cognitive impairment, measur-
ing the time to complete the task.

Gesture imitation Six studies analysed the abil-
ity of participants to imitate bimanual hand gestures
after watching a demonstration by the examiner and
recorded the number of correct performances and
number of errors [35, 38, 40, 48, 54, 69]. In one
study, the examiner demonstrated gestures sitting next
to the participants to reduce perceptual complexities
[48]. In the rest, examiners demonstrated gestures in
front of participants [44, 78]. Two studies used the
Interlocking Finger Test (ILFT) [44, 78] in which
the examiner demonstrates specific shapes with their
hands one at a time, and then asks the participants
to imitate those gestures, as accurately as possible—
for example, interlocking the fingers in a particular
manner.

@ Springer

Dragging or tracking tasks One study used a
robotic haptic interface to measure reaction times and
mean error of tracking movements in participants with
cognitive impairment [47]. The device guided the hand
to a target position and gave real-time visual feedback
about the hand position as it tracked the target.

Another study used a custom-made electronic board
to measure target-tracking reaction times in AD and
HC [41]. An electric pen has been used to measure
tracking movement variables (such as number of
errors and total time) of various upper limb tasks such
as hitting targets or guiding the pen through a narrow
space [45]. In a recent study, participants used a com-
puter tablet to drag virtual blocks to a target without
dropping them in the wrong area [66]; the number of
successful and failed attempts within 60 s, and time
taken to move a block were analysed.

Tasks resembling day-to-day upper limb func-
tions One study explored ULMF in people with
dementia by measuring the time taken to shelve gro-
ceries [67]. Another analysed “hand to mouth” move-
ment variables such as time, speed, and smoothness,
in dementia with Lewy bodies [57]. One study used
a smartphone app custom-made keyboard to analyse
characteristics of virtual key presses (such as keystroke
timing) during typing [64].

Three studies analysed participants’ movements as
they followed a specific protocol of various functional
tasks, and scores were given by observation of their
performance. One used parts of the Cambridge Cogni-
tive Examination involving tasks such as putting paper
into an envelope, waving goodbye, cutting paper with
scissors and brushing teeth [39]. One study used part
of the Functional Disability Evaluation Scale-Adult
version (FUNDES-Adult), which includes pen-hold-
ing, buttoning, and knotting tasks [62]. While another
chose the Fugl-Meyer assessment [70].

Sub-question 2. What conditions/diseases with
resultant cognitive impairment have been studied?

Table 3 summarises the conditions or diseases
leading to cognitive impairment included in this
review. Of 54 cross-sectional studies, 37 included
participants with dementia—26 of them with AD
diagnosis—and 22 had a group with MCI. Eight
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Table 3 Diseases or
conditions leading to

Disease/conditions causing cognitive impairment

Number of papers

cognitive impairment Alzheimer’s Disease

Parkinson’s Disease

Twenty-six [21, 25, 27, 28, 30, 34, 36, 39,
43, 46, 48, 51, 52, 54, 55, 59, 60, 63, 65,
66, 68, 73,75, 71, 78]

Eight [24, 30, 31, 33, 37, 53, 73, 74]

Dementia with Lewy Bodies (DLB) or Lewy Body Four [28, 39, 69, 75]

Dementia (LBD)

Frontotemporal Dementia (FTD)

Alcohol or drug related
Vascular Dementia (VaD)

Minimal Hepatic Encephalopathy

Stroke
Depression

Three [46, 51, 75]
Two [28, 33]
Three [22, 49]
One [41]

One [62]

One [63]

studies investigated participants with PD and cog-
nitive impairment, one recruited participants with
Minimal Hepatic Encephalopathy [63]. Two studies
recruited participants with cognitive decline related to
excessive alcohol consumption [25, 52]. Participants
with no known cognitive impairment were recruited
in seven studies and after testing for cognitive impair-
ment allocated to groups with and without cogni-
tive impairment. Of five longitudinal studies, four
recruited people with no known cognitive impairment
at baseline [6, 19, 26, 71] and one recruited partici-
pants with MCI [31].

Sub-question 3. What were the major recruitment
settings?

Forty-two studies recruited participants from clini-
cal settings (e.g., neurological/ memory/cognition
clinics, hospitals or rehabilitation centres), fourteen
from community settings such as primary health ser-
vices, day centres and exercise classes [6, 18, 19, 26,
33, 36, 53, 56, 60, 64, 65, 67, 71, 72], and four from
research settings (e.g., from other research cohorts)
[27, 66, 76, TT].

Sub-question 4. How does ULMF associate with
cognitive impairment?

Most studies of index-target tapping found signifi-
cant differences between HC and people with demen-
tia [24, 25, 37, 51, 59, 71, 72] and MCI [6, 17, 26,
36, 46, 51, 56, 63, 77]. Generally, MCI and dementia
were both associated with slower, less rhythmic and

lower frequency finger-taps. However, two studies
found no association between tapping frequency and
cognitive impairment [27, 29].

Studies of index-thumb tapping had mixed results
too. Three studies reported associations between cog-
nitive impairment and lower frequency, and increased
variability, of FT [26, 60, 73]. However, two studies
using wearable sensors, found no differences between
FT frequency and amplitude in MCI or AD com-
pared to HC [61, 74] although one found FT in MCI
was less rhythmic [74]. The systematic review [3]
concluded that FT was not associated with incident
dementia in people with MCI.

For studies of forearm supination/pronation, slower
speed and increased variability were associated with
cognitive impairment [28, 33, 53, 55]. The three stud-
ies of elbow flexion [42, 58, 65] found no differences
under single-task condition between participants with
cognitive impairment (MCI and AD) and HC but
with dual-task conditions (elbow flexion and a cogni-
tive task), there were significant associations.

All studies using the PPT found dementia was
associated with slower movements compared to MCI
[18, 19, 32, 43]. All studies analysing writing/draw-
ing kinematics found increased irregularity of move-
ments, variability in speed and decreased accuracy
differentiated HC participants from AD [30, 39, 49,
76] and from MCI [30, 39, 49]. One study [76] that
compared measures of clock drawing in AD and VaD
found that VaD drew more slowly (having slower
speed and taking longer to draw).

Using reach/grasp/lift tasks, one study [34] found
no differences between those with MCI or dementia,

@ Springer



3468

GeroScience (2023) 45:3449-3473

but another found dementia was associated with more
variability than MCI [18]. A study of PD reported
that those with dementia [75] had longer reaching
reaction times. Studies employing gestures found
significant imitation impairment in participants with
dementia [35, 40, 48, 54, 69]. The inability in correct
imitation of gestures in the ILFT was also correlated
with cognitive impairment [44, 78]. Studies using
functional tasks found variables of ULMF (such
as increased time to complete the task, decreased
smoothness, and less accuracy of movements) corre-
lated with cognitive impairment [45, 57, 62, 67, 70].
Studies measuring tracking abilities found that partic-
ipants with MCI and AD had more errors and slower
reaction times than HC [41, 47]. Using digital tests,
two studies [64, 66] showed differences between MCI
and HC: one [66] reported reduced speed of dragging
virtual blocks and another [64] identified more errors
in virtual keyboard presses.

Among the longitudinal studies, two [6, 26] found
that slower baseline FT in HC was associated with
cognitive impairment at follow up, but another [31]
found no such association. One study [19] found
lower PPT scores were associated with higher risk of
developing dementia at follow up. A study [71], using
both PPT and index-target tapping concluded that
lower performance scores of both tests were associ-
ated with risk of MCI and dementia at follow up.

Fifteen studies additionally investigated how
ULMEF associates with individual cognitive domains.
Eight studies, using index-target tapping, found sig-
nificant associations between FT variables (tapping
cycle time, tapping rate and time variability) and
memory (working and episodic), verbal fluency and
executive function [18, 24, 27, 36, 37, 46, 59, 63].
One study found slowed index-thumb tapping speed
associated with verbal fluency and executive function
but not with delayed memory [25].

One study of elbow flexion found associations
between speed and rhythm fluctuations with execu-
tive function [42]. Lower PPT scores correlated with
impaired attention, visuo-spatial and executive func-
tion [18]. Using gesture tasks, studies found imitation
accuracy associated with verbal fluency, attention
[44, 69, 78] and executive function [44] but another

@ Springer

did not [78]. Tracking ability was correlated with
memory and visuospatial domains [47] and functional
tasks were associated with attention, visuospatial and
executive function [70].

Discussion

Sixty studies published between 1995 and 2022, and
comprising 41,800 participants, met the criteria to
inform this review. To our knowledge, this is the first
review investigating the association of ULMF with
cognitive impairment. The studies used a diverse
range of ULMF tasks from a simple movement, such
as FT or elbow flexion, to more complex movements
such as writing/drawing. Studies also used a range of
protocols (self-paced, fast-paced, dual-task etc.), test
durations (ranging from 8 to 60 s), and equipment.
With technology advancements over time, the preci-
sion of data collection equipment has progressed,
so analyses have evolved from counting the number
of repetitions to detailed quantification of rhythm,
amplitude and speed. The recruitment settings were
mostly clinical, and the conditions included were pre-
dominantly AD, MCI and PD. Many studies found
that, compared to age-matched older adults, people
with cognitive impairment had slower speeds, longer
reaction times and more errors and variability in their
ULMF performance. However, these associations
were not universal, especially among the FT stud-
ies. FT (index-target or index-thumb tapping) was
the most common ULMF test, but protocols, dura-
tions and equipment varied significantly among these
studies which may be the reason why FT studies
had mixed results. Studies of elbow flexion, writing/
drawing tasks and the PPT had no conflicting results,
although there were fewer studies compared to the
large number that assessed FT.

With no limitation in dates, this review provides a
broad view of how ULMF assessments in the context
of cognitive impairment have evolved since concep-
tion about 25 years ago. We systematically searched
published literature using established guidelines and
published our protocol in advance in an open access
repository (Figshare). It is important to acknowledge
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that we excluded studies measuring hands/arms
strength, such as grip strength, and excluded stud-
ies with only healthy participants which may have
excluded some of the ULMF tests. We also acknowl-
edge that it is possible relevant studies without linked
keywords may have inadvertently been excluded.

This review highlights that ULMF assessments
hold potential to be used in cognitive impairment
investigations as many (but not all) of the studies
found associations between ULMF and cognitive
impairment. However, it also revealed a major gap
in the current literature and that is the lack of con-
sistency between the experimental methods used to
assess ULMF. It remains unclear whether one spe-
cific type of test is superior to others, and it remains
unclear how many repetitions of a task, or what test
duration, should be used to balance sensitivity with
potential effects of fatigue. The review demonstrated
that, in a similar way to how gait analysis now has
some recommended standard protocols [14], there
remains a need to also standardise ULMF assessment
methods—in terms of test durations and protocols
(fast-paced vs. self-selected pace); this would sub-
stantially aid comparison of studies and clarify which
tests are most discriminatory.

Most ULMF studies used 10 to 15 s as the test
duration which seems to be a pragmatic balance
between capturing enough data for robust analysis of
movements whilst minimising the effects of fatigue.
Several studies measured ULMF performance at vari-
ous paces (self-selected pace vs fast pace) or under
different conditions (single task and dual task). These
approaches, as well as analysing multiple component
measures of movements (such as frequency, speed,
amplitude and rhythm) appeared to be more sensi-
tive to cognitive impairment than testing just one
movement under one condition and/or few movement
components. Future research should consider analys-
ing frequency, speed, and variability of ULMF as the
core measures as these have repeatedly been shown to
associate with cognitive impairment.

As most studies of ULMF have compared healthy
controls to just one group who had clinically-mani-
fested cognitive impairment, especially Alzheimer’s
Disease (AD) dementia, it remains unclear how

ULMF changes across the dementia continuum.
Furthermore, there have been relatively few studies
of other types of dementia. Future research should
therefore aim to recruit participants with earlier
stages of dementia pathology, such as subjective
cognitive impairment, MCI, and early-stage demen-
tia to provide richer insights into the changes related
to disease progression. It was noteworthy that most
studies classified participants according to screen-
ing tool cut-off scores rather than a more compre-
hensive cognitive assessment using established
diagnosis criteria; we would recommend that future
researchers aim to ascertain a more rigorous evalua-
tion of the various domains of cognitive impairment
as this would allow a more granular comparison
with ULMEF features and the opportunity to explore
whether certain underlying pathologies have specific
ULMF motor signatures.

For ULMF assessment to be included in CCCDTD
as a recommended motor function assessment in
dementia investigations, it is necessary to know how
best to assess ULMF that is significantly associated
with cognitive impairment and dementia. We are still
learning about the association between ULMF and
cognitive impairment and methods of testing ULMF
are yet to be fully explored. This review shows that
despite some inconclusive results, there is emerging
evidence to support including ULMF in cognitive
impairment investigations.

Conclusion

In this scoping review, we summarised the current
available evidence on the association of ULMF and
cognitive impairment and also the tests, protocols,
recruitment settings and conditions used to assess
this association. Of the identified methods of ULMF
assessment, FT was the most commonly used test
followed by functional tasks of upper limb, PPT
and elbow/forearm movement. Despite some mixed
results, the ULMF movement variables were gener-
ally associated with cognitive impairment and could
aid in distinguishing cognitive impairment from
healthy ageing.
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Appendix 1

Key search terms for PubMed Search performed on 14/03/2022

Search Query
#4 ((#1) AND (#2)) AND (#3)
#3 (Motor impairment[Title/Abstract])

OR (motor function[Title/Abstract]))

OR (movement[Title/Abstract])) OR
(motor test[Title/Abstract])) OR (motor
dysfunction[Title/Abstract])) OR

(Motor test[Title/Abstract]))) OR (fine
motor test[Title/Abstract])) OR (motor
performance[Title/Abstract])) OR (move-
ment test[Title/Abstract])) OR (gross

motor function[Title/Abstract])) OR (gross
motor impairment[Title/Abstract])) OR
(motor dysfunction[Title/Abstract])) OR
(motor decline[Title/Abstract])) OR (finger
tapping[Title/Abstract])) OR (apraxia[Title/
Abstract])) OR (dyspraxia[Title/Abstract]))
OR (dexterity[Title/Abstract])) OR
(grasp*[Title/Abstract])) OR (grip*[Title/
Abstract])) OR (tap*[Title/Abstract])) OR
(hand tapping[Title/Abstract])) OR (keyboard
tapping[Title/Abstract])) OR (holding[Title/
Abstract])) OR (draw*[Title/Abstract])) OR
(writ*[Title/Abstract])) OR (Purdue pegboard
test[Title/Abstract])

#2 Hand*[Title/Abstract] OR Forearm*[Title/
Abstract] OR Finger*[Title/Abstract] OR
Upper limb*[Title/Abstract] OR "Upper
limb"[Title/Abstract]

#1 Dementia*[Title/Abstract] OR "Cognitive
impairment"[Title/Abstract] OR "Cogni-
tive decline"[Title/Abstract] OR "Alzhei-
mer’s Disease"[Title/Abstract] OR "Mild
Cognitive Impairment"[Title/Abstract] OR
Cognition*[Title/Abstract] OR "Cognitive
domains"[Title/Abstract]
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