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Abstract

Background Impaired mobility increases falls and mortality risk. However, guidelines to reliably assess real-world
walking activity and gait remain undefined. We aimed to (i) determine the minimum daily wear time during waking
hours (7:00-22:00) for a valid measurement day, (i) identify the minimum number of valid days, and (iii) weekend
days, to reliably assess weekly walking activity and gait parameters, and (iv) provide recommendations for reliable real-
world walking assessments.

Methods Participants with chronic obstructive pulmonary disease (n=565), multiple sclerosis (n=558), Parkinson'’s
disease (n=>543) or proximal femoral fracture (n=487) from 10 countries were asked to wear a single wearable device
on the lower back, 24 h/day for seven days, resulting in 13,191 measurement days. The Mobilise-D processing pipeline
was used to obtain 24 daily walking activity and gait parameters. Minimum daily wear time was determined as the
highest wear time category that did not statistically change parameter values. Intraclass correlation coefficients > 0.80
determined the minimum number of valid measurement and weekend days.

Results The minimum daily wear time varied between “no requirement” (13% of parameter-condition combinations)
and > 14 h (19%), with higher requirements for walking activity than gait parameters. The minimum number of days
ranged from 1 (17%) to >7 days (6%), and was higher for parameters that are yet to be clinically validated. There was
no evidence of a weekend nor health condition effect on parameter reliability.

Conclusions For studies involving multiple walking activity and gait parameters or health conditions, expert
consensus recommends a minimum of > 12 h of daily wear time across > 3 days. For studies that involve specific
parameters or health conditions, individual recommendations are provided within the manuscript.
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Background

Walking is a meaningful aspect of health for people with
diverse health conditions [1] and can be described in
terms of walking activity (how much one walks) and gait
(how one walks). Walking speed and gait are independent
predictors of various health outcomes: walking activity
is a well-known health determinant, protecting against
obesity, depression, cardiovascular diseases, and mortal-
ity [2-5]; and gait, particularly slow walking speed, pre-
dicts falls, disability and mortality in older adults [6-8].
As older adults are more prone to have reduced walking
activity and altered gait, the global burden of impaired
mobility will rise with our rapidly ageing populations [9,
10]. Therefore, developing and validating tools to mea-
sure real-world walking activity and gait is essential.

Traditionally, most walking assessments were either
confined to laboratory settings [11], which do not reflect
real-world circumstances [12—16], or primarily focussed
on the amount, duration or intensity of real-world walk-
ing activity, based on parameters such as daily step
count [4, 5]. Other relevant walking activity parameters
like the number of walking bouts (WBs) or their aver-
age duration [17-20], are infrequently measured, and
gait parameters remain largely unexplored in real-world
contexts. Moreover, studies on (real-world) walking are
often restricted to one specific population. The recently
developed Mobilise-D processing pipeline generates a
comprehensive list of walking activity and gait parame-
ters using a single wearable device worn at the lower back
[21-24]. These parameters, or Digital Mobility Outcomes
(DMOs), have been validated against gold standards in
both laboratory and free-living settings for various health
conditions, representative of impaired mobility of diverse
origin: respiratory pathology (chronic obstructive pul-
monary disease, COPD), cardiac pathology (congestive
heart failure), healthy older adults, neuroinflammatory
problems (multiple sclerosis, MS), neurodegenerative
conditions (Parkinson’s disease, PD) and osteoporosis
and sarcopenia (proximal femoral fracture, PFF) [22, 23,
25]. However, guidelines for establishing a valid measure-
ment day and for providing a reliable digital assessment
of walking activity and gait during longer periods of real-
world walking are still needed.

Therefore, this study aimed to (1) identify the mini-
mum required daily wear time during waking hours
(7:00-22:00) that constitutes a valid measurement day,
(2) identify the minimum number of valid measurement
days and (3) the minimum number of valid weekend days
that are required to obtain reliable weekly walking activ-
ity and gait DMOs, and (4) propose recommendations
for the assessment of walking activity and gait DMOs in
studies involving people with impaired mobility.
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Methods

Study design and participants

This multicentre, cross-sectional study used data from
the baseline visit of the clinical validation study in the
IMI2-JU-funded Mobilise-D project [26], approved by
all relevant Ethical Committees (Appendix 1). All partici-
pants provided written informed consent.

People with COPD, MS, PD and PFF were recruited
across 17 sites in 10 countries (Appendix 1). Inclusion
criteria included: ability to walk 4 m independently,
anticipated availability, ability to consent and comply
with study procedures, willingness to wear a wearable
sensor, and ability to read and write in the first language
of the respective country [26].

From the original sample of 2376 participants (Fig. 1),
we excluded 137 (5.8%) without a digital mobility assess-
ment, 14 (0.6%) without wear time information, 86 (3.6%)
without WBs>30 s, and 25 (1.1%) with missing covariate
values (Appendix 2), resulting in 2114 (89.0%) partici-
pants for the current analysis (565 COPD, 558 MS, 543
PD, and 487 PFE).

Measurements

We collected data on age, gender, height, weight, edu-
cation level, employment status, living arrangement,
number of prescribed medications, use of any type of
mobility aids indoor and outdoor (including ankle foot
orthosis or functional electrical stimulation device), and
self-reported functional status (Functional Component of
the Late Life Function and Disability Instrument; LLFDI-
EC [27]). Health condition severity was assessed through
forced expiratory volume in the first second (FEV;) [28]
for COPD, Expanded Disability Status Scale (EDSS) [29]
for MS, Movement Disorder Society — Unified Parkin-
son’s Disease Rating Scale Part III (MDS-UPDRS III) [30]
for PD, and Short Physical Performance Battery (SPPB)
[31] score for PFE.

Participants were asked to wear a single wearable
device on the lower back, 24 h/day for seven days: Move-
Monitor+ (McRoberts B.V., Den Haag, the Netherlands)
or AX6 (Axivity Ltd, Newcastle Upon Tyne, UK). For
each day, we calculated 24 DMOs using all data from the
full calendar day via the Mobilise-D processing pipeline
[22-24], covering five walking domains: walking activity
amount (three DMOs, e.g., WB step count [steps/day]),
walking activity pattern (seven DMOs, e.g., number of
WBs [WBs/day]), gait-pace (six DMOs, e.g., walking
speed in shorter (10-30 s) WBs [m/s]), gait-rhythm (five
DMOs, e.g., cadence in all WBs [steps/min]) and bout to
bout gait variability (four DMOs, e.g., walking speed bout
to bout variability between longer (>30s) WBs [%]) (full
list and definitions in Appendix Table 4). The Mobilise-D
processing pipeline uses condition-specific algorithms to
account for differences between conditions in movement
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Participants in Mobilise-D
Clinical Validation Study

n = 2376
606 COPD; 602 MS; 600 PD; 568 PFF

Y

Participants included in analysis
n = 2153 (90.6%)
565 COPD; 558 MS; 543 PD; 487 PFF
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No digital mobility assessment:
n = 140 (5.9%; 35 COPD; 28 MS; 40 PD; 37 PFF)

No wearing time data:
n =14 (0.6%; 2 COPD; 2 MS; 5 PD; 5 PFF)

No walking bouts > 30 s:
n =48 (2.0%; 2 COPD; 9 MS; 6 PD; 31 PFF)

Missing values for one of the covariates:
n = 21 (0.9%; 2 COPD; 5 MS; 6 PD; 8 PFF)

Fig. 1 Flow diagram of participants that were included in the analyses, n (%). COPD =chronic obstructive pulmonary disease; MS=multiple sclerosis;

PD=Parkinson’s disease; PFF = proximal femoral fracture

patterns and walking speed, among others [22, 23]. Daily
wear time during waking hours (defined as 07:00-22:00,
local time, from published recommendations [32]; which
includes 92% of the walking duration performed by the
participants) was calculated by summing all minutes that
the device was worn, as estimated by the McRoberts wear
time algorithm [33], and divided into the following cate-
gories: <8 h, 8-10 h, 10-11 h, 11-12 h, 12-13 h, 13-14 h,
and > 14 h (reference category).

Statistical analyses

Detailed analyses and R code are provided in Appendix
2. Briefly, objectives 1-3 were addressed sequentially, and
each DMO was separately analysed for each health con-
dition (resulting in 24 x4 =96 analysed DMO-condition
combinations), as outlined below. The analyses for objec-
tive 1 assessed potential systematic measurement error
of daily DMO values due to insufficient wear time, while
objective 2-3 assessed potential random measurement

error of weekly DMO values due to an insufficient num-
ber of valid measurement days (objective 2) or weekend
days (objective 3).

As future studies will simultaneously examine multiple
DMOs in multiple conditions [21], a separate processing
pipeline for each of the 96 DMO-condition combina-
tions in these studies is deemed impractical. Therefore,
the results of all 96 DMO-condition combinations for
objectives 1-3 were assessed by an expert group in order
to propose DMO- and condition-agnostic recommen-
dations that can be used by studies involving multiple
walking activity and gait parameters or health condi-
tions (objective 4). These recommendations seek to bal-
ance methodological rigour with analytical feasibility,
and were based on the results of the 96 DMO-condition
combinations, sample size, potential selection bias, ran-
dom and systematic measurement errors, and clinical
relevance. The expert group consisted of a multidisci-
plinary collaboration between clinical experts of the four
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conditions, experts on physical activity and gait, epide-
miologists, statisticians, and engineers, making sure to
account for all relevant technical, clinical and statistical
considerations.

To determine the minimum wear time that constitutes
a valid day (objective 1), we built linear mixed models
with each DMO as outcome, a random intercept for par-
ticipants, wear time during waking hours (categorical) as
exposure, and adjusted for confounders. The minimum
required daily wear time that constitutes a valid mea-
surement day was determined for each DMO-condition
combination as the upper limit of the highest wear time
category with statistically significant differences in DMO
values compared to the reference category.

To obtain the minimum number of days to obtain
reliable weekly values (objective 2), we used only mea-
surement days that were considered valid based on the
outcome of objective 1. We built unadjusted linear mixed
models with DMOs as outcome, and a random intercept
for participants. Single-day within person variance and
between person variance were directly extracted from
the mixed effects regression models. Intraclass correla-
tion coefficients (ICC) values for different numbers of
measurement days (k) were then calculated, based on
the ICC(k) formula from McGraw and Wong [34, 35].
We identified the lowest number of days resulting in an
intraclass correlation coefficient (ICC) > 0.80 [36, 37] for
each DMO. This analysis was repeated after stratification
by physical capacity (above or below condition-specific
median SPPB score) as a post-hoc analysis.

To determine the minimum number of weekend days
to obtain reliable weekly values (objective 3), we used
only participants with the minimum number of valid days
determined in objectives 1 and 2. We built unadjusted
linear mixed models with each DMO as the outcome, a
random intercept for participants, and day type (week or
weekend day) as exposure. Single-day within person vari-
ance for weekdays, single-day within person variance for
weekend days and between person variance were directly
extracted from the mixed effects regression models.
Hereafter, ICC values for different numbers of weekdays
and weekend days were calculated (see Appendix 2), but
only for combinations for which the sum of the number
of week and weekend days equals the minimum required
number of days determined by expert consensus in objec-
tive 2. For each DMO-condition combination, weekend
days were only required if their inclusion resulted in an
ICC=0.80, and excluding them resulted in an ICC <0.80.
This analysis was repeated after stratification by physical
capacity (above or below condition-specific median SPPB
score) as a post-hoc analysis.

Statistical analyses were performed using a complete-
case approach in R 4.3.2 (Ime4 and nlme packages), using
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the Mobilise-D clinical validation study dataset version
5.1.

Results

Participant and measurement characteristics

There were no statistically significant differences in
age, gender, height, or BMI between the 2153 included
and 223 excluded participants. Compared to those
excluded, included participants had a lower FEV,;% pre-
dicted (COPD), lower indoor use of mobility aids, higher
LLFDI-FC and lower EDSS score (MS), and higher SPPB
total scores (MS, PD, PFF; Appendix Table 5).

Mean (SD) age, gender distribution and condition
severity were: for COPD, 68 (8) years, 36% female and
FEV; of 54 (20) % predicted; for MS, 52 (11) years, 64%
female and median (P25-P75) EDSS score of 5 [4—6]; for
PD, 66 (10) years, 36% female and MDS-UPDRS III score
of 26.4 (12.5); and for PFFE, 77 (10) years; 66% female and
SPPB score of 6.4 (3.1) (Table 1).

Compliance was very high, with the wearable device
worn for a median (P5-P95) of 24 (17-24) hours/day
(range: 2 minutes—24 h), and 15 (13-15) hours/day during
waking hours (range: 0—15 h), for a median (P5-P95) of 7
(6-7) days (range: 1-7 days; Tables 1 and 2). Participants
with lower compliance generally had worse functional
status, while differences in age, gender, height, BMI,
education level, mobility aid use, health condition sever-
ity, and device type were inconsistent across conditions
(Appendix Table 6).

DMO values ranged between 39 and 38,858 steps/day
for WB step count, 2—-1553 WBs/day for number of WBs,
0.3-1.3 m/s for walking speed in shorter (10-30 s) WBs,
61.3-111.3.3.3 steps/min for cadence in all WBs, and
0-76% for walking speed bout to bout variability between
longer (>30s) WBs. See ranges for all DMOs in Appendix
Table 7.

Minimum daily wear time

We analysed 13,191 days from 2153 participants. Table 3
presents the minimum daily wear time requirements for
each DMO-condition combination. Without any mini-
mum wear time, 13% of DMO-condition combinations
yielded valid daily-level DMO values. This increased to
32%, 44%, 57%, 65%, 81% and 100% with minimum wear
time requirements of >8 h, >10 h, >11, >12, >13 and
>14 h, respectively.

For walking domains, the minimum required daily wear
time was generally higher for walking activity DMOs,
with 67% DMO-condition combinations requiring 12 h
and 33% requiring>14 h. In contrast, for gait DMOs,
only 27% required>12 h and 10% required > 14 h. Daily
wear time requirements were similar across conditions.

Expert consensus determined that a minimum daily
wear time below 12 h should not be considered, as 43%
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Table 1 Participant and measurement characteristics (“'n" refers
to the number of participants)
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Table 2 Measurement characteristics at the day level (‘n"refers
to the number of days)

All COPD MS(n= PD(n= PFF All(n= COPD MS PD (n= PFF
(n= (n= 558) 543) (n= 13191) (n= (n= 3466) (n=
2153) 565) 487) 3651) 3421) 2561)
Age (years), mean (SD) 65(13) 68(8) 52(11) 66 (10) 77 Wear time during 15 15 15 15 15
(10) waking hours (h/day), (13-15)  (13-15) (13-15) (12-15) (15-
Gender: Female, n (%) 1080 206  358(64) 197(36) 319 median (P5-P95) 15)
(50) (36) (66) Wear time during waking hours using:
Height (cm), mean (SD) 170 168 (9) 170(9) 172(10) 168 McRoberts Move- 15 15(11- 15 15 15
(10) (10) Monitor+ (h/day), (11-15) 15) (11-15) (11-15) (1=
Body mass index (kg/m?), 26 (4) 27(5) 26 (6) 26(4) 24 median (P5-P95) 15)
mean (SD) (4) Axivity AX6 (h/day), 15 15 15 15 15
Years of education, me- 14 13 15 16 13 median (P5-P95) (14-15)  (14-15)  (14-15) (14-15) (14—
dian (P25-P75) (11-17) (11=15) (12-18)  (13-18) (10— 15)
15) Wear time during waking hours
Employment status <8h, n (%) 197 (1) 49(1) 44(1)  57(2) 472
Active worker (full/part 604 92 275(49) 183(34) 54 8h-10h, n (%) 122(1)  30(1) 25(1)  49(1)  18(1)
time), n (%) 28 (16 an 10-11h, n (%) 88(1)  26(1) 15(0) 34(1) 13(1)
Retired, n (%) 1288 390 175@31)  326(60) 397 11-12h, n (%) 142(1)  45(1)  17(00) 61(Q) 19(1)
(60)  (69) 82) 12-13h, n (%) 27Q) 76(1)  45(1) 63Q) 33(1)
Other _(eg,, unem- 261 83 (15) 108 (19) 34 (6) 36 13-14h, n (%) 630 (5) 211(6) 137(4) 194(5) 88(3)
Efé’fﬁk@save’ (2 & >14h, n (%) 11795 3214 3138 3100 2343
- (89) (88) (92) (87) (91
Living arrangement Day type
Alone, n (%) (52772) (]268]) 8916 89(16) (st) Weekday, n (%) 9540 2629 2454 2502 1901
! (72) (72) (72) (72) (74)
With somebody, n (%) (]7538)1 ?702‘; 469(84) 454 (84) (2553 Weekend day, n (%) 3651 1022 967 964 660
(28) (28) (28) (28) (26)
Number of prescribed 6(3-8) 7(4-9 4(2-6) 5(3-7) 7
medications, median (4-
(P25-P75) 10) of DMO-condition combinations required 12 h or more.
Use of mobility aids 427 12Q) 13404 190) 262 The choice among >12, >13 or >14 h involved a trade-
indoors, n (%) (20) (54) . .
Use of mobility aids 750 490 3769 S600) 327 off betwe.en systematic m?asprement error (less restric-
outdoors, n (%) (35) ©7) tive requirements could significantly alter DMO values,
LLFDI-EC, mean (SD) 57(12) 599 53(12) 63012 53 as shown in Table 3), sample size (increasing the thresh-
(13) old from >12 h to >14 h would exclude up to 316 (15%)
FEV, (% predicted), mean 54 (20) additional participants, Appendix Table 8), and selection
(SD) bias (more restrictive requirements excluded participants
EDSS score, median 5 (4-6) with worse health status, Appendix Table 6). Since our
(P25-P75) recommendations aimed to be relevant for a broad range
MDS-UPDRS Ill, mean (SD) 264 of health conditions with impaired mobility [21], selec-
(125 tion bias and a reduced sample size were deemed more
SPPB (total score), mean 85 99 7729 96(1.7) 64 . K
(D) 28 (18 31) detrimental than systematic measurement error. There-
Device type: fore, expert consensus recommended a daily wear time of
McRoberts MoveMoni- 1062 468 96 (17) 386 (71) 112 >12h.
tor+, n (%) (49) (83) (23)
Axivity AX6, n (%) 1091 97(17) 462(83) 157(29) 375 Minimum number of valid measurement days
(51 77 Only days with >12 h of wear time between 07:00-22:00
Measurement days (days), 7(6-7) 7(6-7) 7(6-7) 7(6-7) 7 (local time) were used for objective 2 (12,642 days from

median (P5-P95) 6-7)

COPD chronic obstructive pulmonary disease, MS multiple sclerosis, PD
Parkinson’s disease, PFF proximal femoral fracture, LLFDI-FC Functional
Component of the Late Life Function and Disability Instrument, FEV, forced
expiratory volume in the first second, EDSS Expanded Disability Status Scale,
MDS-UPDRS Movement Disorder Society — Unified Parkinson’s Disease Rating
Scale; SPPB Short Physical Performance Battery

2127 participants). Table 4 shows the minimum num-
ber of valid measurement days required for each DMO-
condition combination. One valid day sufficed for reliable
weekly-level DMO values in 17% DMO-condition combi-
nations, increasing to 53%, 67%, 77%, 83%, 89% and 94%
for two, three, four, five, six or seven valid measurement
days, respectively.
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Table 3 Minimum required daily wear time (in hours) during
waking hours (07:00-22:00) for the 96 digital mobility outcome
(DMO)-condition combinations. “None” indicates that there is no
minimum requirement. * indicates domains that are yet to be
clinically validated
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Table 4 Minimum required number of measurement days for
the 96 digital mobility outcome (DMO)-condition combinations.
A forward slash (/) indicates that one week of measurements was
insufficient to reach an intraclass correlation coefficient > 0.80. *
indicates domains that are yet to be clinically validated

COPD MS PD  PFF COPD(n MS(n PD(n PFF(n
(n= (n= (n= (n= =565) =558) = =
565) 558) 543) 487) 543) 487)
Walking activity - Amount Walking activity - Amount
Walking duration >13 >14 >13 >14 Walking duration >2 >2 >3 >2
WB step count >13 >14 >13  >14 WB step count =2 =2 >4 >2
Walking activity — Pattern* Walking activity — Pattern*
Number of WBs >13 >14 >13 >10 Number of WBs >2 >2 >3 >1
Number of WBs >10s >13 >14  >13  >10 Number of WBs >10s >2 >2 >3 >2
Number of WBs >30s >12 >14 >13 >14 Number of WBs >30s >4 >5 >6 >5
Number of WBs >60s >13 >14  >13 >4 Number of WBs >60s >6 / / >7
WB duration None >10 >11 >8 WB duration >3 >4 >4 >3
P90 WB duration None >8 >14  None P90 WB duration >4 >5 >7 >4
WB duration bout to bout variability ~ None  None >8 >14 WB duration bout to bout =5 >5 / =5
Gait - Pace Vaﬂablllty
Walking speed in shorter (10-30s) WBs ~ >11 >10 >11 >11 Gait - Pace
Walking speed in longer (>30s) WBs ~ >8 None >12 >8 Walking speed in shorter (10-30s) =1 >1 >2 >1
P90 walking speed in WBs >10's >8 100 >12 >12 WBs
PO0 walking speed in longer (>30s)  >13  >14  >12  >8 Walking speed in longer (>30s) 23 22 23 2]
WBs WBs
Stride length in shorter (10-30s) WBs ~ >11 >14 >13 >14 P90 walking speed inWBs >10's 22 2] 22 21
Stride length in longer (>30s) WBs >13 >8 >12 >10 P90 walking speed in longer (>30s) >2 22 23 21
) WBs
Gait - Rhythm e hinsh
Cadence in all WBs None >14 >11  None \S/\t/rése ength in shorter (10-30s) =1 =2 =1 =1
Cadence in longer (>30s) WBs >8 >14 >8 >10 Stride length in longer (>30s) WBs =~ >2 >2 >2 >2
P90 cadence in longer (>30s) WBs >12 >14 >8 >10 .
Stride duration in all WB 1 1 > Gait - Rhythm
Strfde duratﬁon ﬁn f s 309 WB >: ; 0 >] 1 >80 Cadence in all WBs >1 >1 >1 >1
G .tn Be urat\sn " or‘wgslr.(i SWes > one > g Cadence in longer (>30s) WBs >2 >) >3 >2
a\;—‘k'out o Zu; varia ||O|ty b 0 N g " P90 cadence in longer (>30s) WBs =2 >2 >3 >2
) alking speed bout to bout variabil- > one. ~ g Stride duration in all WBs >1 >2 >2 >2
ity between longer (>30s) WBs ctride duration in | 20 3 3 4 5
> > > >
Stride length bout to bout variability ~ >8 >13 >11 0 >11 tride duration in longer (>30s) - - - -
WBs
between longer (>30s) WBs Cait B b il
Cadence bout to bout variability >8 None >8 None Vva‘ltk‘i out tod sm vamz ity ) . 6 ;
Stride duration bout to bout >8 >11 >11 >13 é ) Ing speed bout to boutvarl- = = / =
variability ability between longer (>30s) WBs
COPD chronic obstructive pulmonary disease, MS multiple sclerosis, PD ,Smde length bout to bout variabil- / =6 / =/
Parkinson'’s disease, PFF proximal femoral fracture, WB walking bout ity between longer (>30s) WBs
Cadence bout to bout variability >2 >2 >2 >3
Stride duration bout to bout >4 >4 >7 >4

The minimum number of measurement days was gen-
erally higher for walking domains still needing clinical
validation. Specifically, 79% of DMO-condition combi-
nations for walking activity patterns and 81% for bout
to bout gait variability required three or more days, and
46% and 56% requiring five or more days, respectively. In
contrast, the well-established domains—walking activ-
ity amount, gait-pace, and gait-rhythm—required three
or more days for 25%, 13% and 20% of combinations,
respectively, with none of these domains requiring five or
more days. The minimum number of measurement days
was similar across conditions.

variability

COPD chronic obstructive pulmonary disease, MS multiple sclerosis, PD
Parkinson’s disease, PFF proximal femoral fracture, WB walking bout

By expert consensus, fewer than 3 measurement days
were considered insufficient, as 47% DMO-condition
combinations required>3 days. The choice among =3,
>4 or >5 days as the recommended minimal number
of measurement days involved a trade-off between ran-
dom measurement error (less restrictive requirements
could increase random measurement error, as shown
in Table 4), sample size (exclusions of 90 (4.5%) and 211
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(10.6%) additional participants when raising the thresh-
old to >4 or >5 days, respectively; Appendix Table 8) and
selection bias (more stringent requirements excluded
participants with a worse health condition, Appendix
Table 6). As with objective 1, selection bias was deemed
more detrimental than random measurement error.
Moreover, the clinical relevance of most DMOs requir-
ing a higher number of measurement days (i.e., number
of WB>60s, P90 WB duration, WB duration variability
and the four bout to bout gait variability DMOs) is yet
to be determined. Hence, expert consensus indicated a
minimum of >3 measurement days.

Stratified analyses showed that the minimal number
of valid measurement days was slightly higher for peo-
ple with a higher physical capacity in MS (17 out of 24
DMOs) and PD (14 out of 24 DMOs), and for people with
a lower physical capacity after PFF (13 out of 24 DMOs).
In COPD, people with a higher physical capacity required
more measurement days for 7 DMOs, and less for 3
DMOs (Appendix Table 9). In spite of this, the number of
DMOs with reliable weekly values when including at least
3 valid measurement days were comparable between par-
ticipants with a lower (69% DMO-condition combina-
tions) or higher physical capacity (63% DMO-condition
combinations). Therefore, the stratified analyses con-
firmed that the recommended threshold of >3 valid mea-
surement days is also appropriate for participants across
different levels of physical capacity.

Minimum number of valid weekend days

Based on results of objectives 1 and 2, only days with
>12 h of wear time were used, and combinations of valid
weekdays and weekend days that totalled three were
tested (three weekdays; two weekdays and one weekend
day; or one weekday and two weekend days).

Twelve out of 24 DMOs achieved ICC>0.80 in all com-
binations for all conditions, while the remaining DMOs
yielded ICC values between 0.62 and 0.85 (Appendix
Table 10). No significant differences were found between
combinations of weekdays and weekend days. Therefore,
expert consensus proposed that there is no minimum
requirement for weekend days to obtain reliable weekly
walking activity and gait DMOs. Stratified analyses con-
firmed that no minimum number of weekend days is
required for participants with a lower or higher physical

capacity.

Discussion

Main results

Our thorough analysis of measurement characteris-
tics affecting the reliability of walking activity and gait
DMOs in a large sample of people with various health
conditions shows that: (1) the minimum required daily
wear time during waking hours that constitutes a valid
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measurement day ranged from no minimum to >14 h,
typically higher for walking activity than for gait; (2) the
minimum number of valid measurement days for reli-
able weekly DMO values varied between 1 and >7 days,
generally higher for walking domains yet to be clinically
validated; (3) the inclusion of weekend days did not affect
DMO reliability; and (4) expert consensus advised a wear
time of >12 h for > 3 days to obtain reliable weekly walk-
ing activity and gait DMOs across diverse conditions.

The minimum wear time for a valid day varied across
DMOs and walking domains. A higher wear time
requirement for walking activity compared to gait was
expected, as additive DMOs (e.g., daily step count)
are more sensitive to wear time than those represent-
ing daily averages, maxima, or variability. Similarly, the
minimum number of valid days also varied across DMOs
and walking domains, consistent with previous research
indicating that the required days depend on the physi-
cal activity parameter of interest [32, 37-40]. However,
within domains, the minimum days were generally con-
sistent and higher for domains not yet clinically vali-
dated, such as walking activity patterns and bout to bout
gait variability, which may be more susceptible to behav-
iour and context. Importantly, neither the minimum wear
time nor the minimum number of days differed consis-
tently by health condition, facilitating condition-agnostic
recommendations.

The inclusion of more or fewer weekend days did not
affect the reliability of walking activity or gait DMOs. In
this study, the weekend effect on DMO reliability was
assessed only in terms of potential differences in variance
between weekdays and weekends. Clinically relevant dif-
ferences in absolute DMO values between these periods
can only be determined once the minimum clinically
important differences for the DMOs are established,
which is a key goal of the ongoing analyses of the Mobil-
ise-D clinical validation study data [26]. Hence, future
recommendations on including weekend days may be
revised for certain DMOs.

Comparison with previous literature

Expert consensus recommended a minimum daily wear
time of >12 h between 07:00-22:00 for > 3 days, with-
out restrictions on weekend days, when applying the
Mobilise-D method (which is based on full calendar
day measurements) across the full list of DMOs and
across various health conditions. In comparison, com-
mon guidelines for conventional physical activity param-
eters (related to walking activity DMOs) in children,
adults, or people with chronic conditions suggest less
strict daily wear time requirements (>8 h or >10 h) [32,
41-44], stricter measurement day requirements (> 3 to >
10 days) [32, 37-40, 42—47], and inconsistent recommen-
dations regarding weekend inclusion [32, 37, 40, 42-45,
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47]. Potential explanations for these differences include:
(i) technical variations in devices or algorithms that may
influence DMO values and variability (though we used
extensively validated devices and algorithms [21-23]); (ii)
the wider variability in mobility impairment in our study
(given the diverse conditions included), possibly increas-
ing the need for longer wear time; and (iii) the fact that
we purposefully formulated unified recommendations for
DMOs that differ inherently (i.e., walking activity vs. gait
DMOs). Finally, the lack of literature on the minimum
wear time for gait DMOs precludes any comparison.

Implications

The general recommendations of >12 h/day for >3 days
will support the reliable collection of walking activity and
gait DMOs, based on measurements with a single wear-
able device worn on the lower back that fulfils certain
requirements (see below) and the Mobilise-D processing
pipeline, in future studies involving multiple DMOs and/
or conditions, including other populations with impaired
mobility that were not currently assessed (as long as the
DMO values are within the ranges of the current study).
These recommendations are furthermore applicable to
populations with either lower or higher physical capaci-
ties. In addition, studies focusing on specific DMOs,
domains, or conditions could tailor these thresholds
based on the results in Tables 3 and 4, and Appendix
Table 9. For example, if only walking activity amount is
considered, a threshold of >14 h/day for 22 days may
be more suitable than the broader recommendations
of >12 h/day for =3 days. Nevertheless, although only
3 valid measurement days are needed to obtain reliable
weekly DMO values, future study protocols should still
aim for 7 consecutive measurement days, to account for
potential participant adherence issues and/or technical
problems with the wearable devices.

Strengths and limitations

This is the first study to provide guidelines for obtain-
ing valid measurement days and reliable weekly walking
activity and gait DMOs across various health conditions,
based on a large dataset of 13,191 days from 2153 partici-
pants. The methodological rigour, that is, using mixed-
effects regression models to define valid days (objective
1) and reliable weeks (objectives 2 and 3), minimised
systematic errors by avoiding the exclusion of days or
participants based on arbitrary thresholds, and reduced
random errors by not relying on random subsamples,
as seen in previous studies [38, 40, 44, 46—49]. Another
strength over similar previous studies was the sequential
approach: first defining what constitutes a valid mea-
surement day (with unbiased DMO values), and only
then assessing the reliability of weekly DMO values. This
ensured that the recommended thresholds did not result
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in reliable but biased DMO values, which could occur if
the minimal daily wear time and the minimal number
of measurement days were determined simultaneously
based solely on ICC values. The analyses, results, and
recommendations stem from a multidisciplinary collabo-
ration, ensuring that all relevant technical, clinical, and
statistical factors were considered.

A limitation of the study was the relatively small sample
size in some lower wear time categories, which may have
masked potential differences in DMO values for these
groups. Moreover, the clinical relevance of differences
in absolute DMO values between weekdays and week-
ends could not yet be assessed, as these thresholds have
not been established. Even though the presented results
and recommendations are valid for any wearable device
that is worn on the lower back and fulfilling the minimal
requirements defined by the Mobilise-D consortium (i.e.,
triaxial accelerometer with 100 Hz sampling frequency, 8
g range and 1 mg resolution; and triaxial gyroscope with
100 Hz sampling frequency, 2000 degrees per second
range and 70 milidegrees per second resolution [25]), it
is unclear whether the presented results and recommen-
dations can be extrapolated to DMOs that are measured
with a device that is not worn on the lower back or does
not fulfil the mentioned requirements. A final limitation
to consider when applying the general recommendation
(>12 h of wear time for > 3 days) in future studies is that
these thresholds may not be appropriate when assessing
specific DMOs in specific health conditions. This manu-
script provides the necessary information for researchers
to adapt the thresholds to their particular research ques-
tions and populations, as outlined above in the Implica-
tions section.

Conclusions

The minimum daily wear time and number of days
required for reliable weekly walking activity and gait
DMOs were DMO-specific, unaffected by weekend days,
and consistent across conditions. A wear time of >12 h
for >3 days is recommended by expert consensus when
using the Mobilise-D processing pipeline in studies
involving multiple DMOs or health conditions. For stud-
ies that involve specific DMOs or health conditions, these
thresholds can be tailored based on the results provided
in Tables 3 and 4, and Appendix Table 9.

Abbreviations

COPD chronic obstructive pulmonary disease

DMO Digital mobility outcome

EDSS Expanded Disability Status Scale

FEV, forced expiratory volume in the first second

ICC Intraclass correlation coefficients

LLFDI-FC Functional Component of the Late Life Function and
Disability Instrument

MDS-UPDRS ~ Movement Disorder Society — Unified Parkinson’s Disease

Rating Scale
MS multiple sclerosis
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