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and 16% frail), 48 reported one or more fall (47% of non-frail, 
33% of pre-frail, and 47% of frail). Although balance deficit 
and PA were independent fall predictors in pre-frail and frail 
groups, they were not sensitive to predict prospective falls 
in the non-frail group. Even though gait performance dete-
riorated as frailty increased, gait was not a predictor of pro-
spective falls when participants were stratified based on 
frailty status. In pre-frail and frail participants combined, cen-
ter of mass sway [odds ratio (OR) = 5.9, 95% confidence in-
terval (CI) 2.6–13.7], PA mean walking bout duration (OR = 
1.1, 95% CI 1.0–1.2), PA mean standing bout duration (OR = 
0.94, 95% CI 0.91–0.99), and a fall in previous 6 months 
(OR = 7.3, 95% CI 1.5–36.4) were independent predictors of 
prospective falls (area under the curve: 0.882).  Conclusion:  
This study suggests that independent predictors of falls are 
dependent on frailty status. Among sensor-derived param-
eters, balance deficit, longer typical walking episodes, and 
shorter typical standing episodes were the most sensitive 
predictors of prospective falls in the combined pre-frail and 
frail sample. Gait deficit was not a sensitive fall predictor in 
the context of frailty status.  © 2016 S. Karger AG, Basel 
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 Abstract 

  Background:  Few studies of the association between pro-
spective falls and sensor-based measures of motor perfor-
mance and physical activity (PA) have evaluated subgroups 
of frailty status separately.  Objective:  To evaluate wearable 
sensor-based measures of gait, balance, and PA that are pre-
dictive of future falls in community-dwelling older adults. 
 Methods:  The Arizona Frailty Cohort Study in Tucson, Ari-
zona, followed community-dwelling adults aged 65 years 
and over (without baseline cognitive deficit, severe move-
ment disorders, or recent stroke) for falls over 6 months. 
Baseline measures included Fried frailty criteria: in-home 
and sensor-based gait (normal and fast walk), balance (bi-
pedal eyes open and eyes closed), and spontaneous daily PA 
over 48 h, measured using validated wearable technologies. 
 Results:  Of the 119 participants (36% non-frail, 48% pre-frail, 
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 Introduction 

 Falling is a significant cause of injuries, loss of mobil-
ity, institutionalization, and mortality in older adults  [1] . 
In community-dwelling adults, 35–45% of those over 65 
years old report a fall every year, which rises to 50% in 
those over 80 years old  [2] . The high susceptibility to in-
jury in the elderly, for example due to clinical diseases 
such as osteoporosis or impaired protective reflexes that 
tend to slow with age, increases the danger of even a rela-
tively mild fall  [3] . Furthermore, recovery from fall injury 
is often delayed in older persons, which leads to decon-
ditioning and further increased fall risk  [4] . Many elders 
who fall experience post-fall syndrome, marked by anxi-
ety, fear of falling, and overcautious walking, which can 
contribute to further deconditioning, weakness and re-
duced quality of life  [5] .

  Evaluation of the risk of falling is a necessary step to-
wards the provision of preventive measures for individu-
als deemed to have a high risk of falling. In addition, sys-
tematic screening for fall risk in frail elders would help 
identify those at ‘high risk of falls’ and in need of special-
ized geriatric services such as physical rehabilitation. The 
risk of falling is currently evaluated using questionnaires 
and short clinical tests of function (e.g., assessments of 
posture and gait, independence in daily life, cognition, 
and vision) which have limited precision, and record a 
single snapshot in time not indicative of activities of dai-
ly living. Development of objective and practical tools to 
track risk of falling in clinic and in home could provide 
valuable information to reduce fall risk by implementing 
personalized interventions to address specific motor per-
formance deficit(s). Wearable electro-mechanical sensor 
technology has provided a new approach for objective 
measurement of motor performance (including balance 
and gait) and spontaneous physical activity (PA) under 
natural conditions  [6] . Because wearable sensors are por-
table and relatively low-cost, they are suitable for real-
world fall risk assessment in the complex home and com-
munity environments, where most falls occur  [7, 8] . Al-
though wearable technologies have been widely used for 
assessing risk of falling based on measuring moving abil-
ity and motor performance, to date, there has been lim-
ited work predicting prospective falls based on monitor-
ing motor performance and daily PA with wearable sen-
sors  [9, 10] . Other reports on PA and fall risk have used 
nonlinear frequency analysis to extract quality parame-
ters (gait characteristics) from free living activity data, al-
though not all included prospective fall outcomes  [11–
13] . Additionally, it is unclear whether the same model 

for prediction of prospective falls based on motor perfor-
mance and PA could be generalized within older adults 
with different frailty status. In other words, the likelihood 
of falls may depend on activity level and frailty status of 
older adults, and thus it stands to reason that fall risk 
based on motor performance and PA should be assessed 
in the context of frailty status.

  The association between PA and falls has been debated 
in the previous literature. Klenk et al.  [14]  did not observe 
an association between falls per person-year and average 
of daily PA among 1,214 community-dwelling older peo-
ple. Interestingly, they observed the highest rate of falls in 
less active persons with low walking speed. Considering 
that speed is an important indicator of frailty, this may 
suggest that the association between PA and falls would 
be clarified if results are stratified based on frailty status. 
Frailty is a geriatric syndrome resulting from age-related 
cumulative decline across multiple physiologic systems, 
impaired homeostatic reserve, and reduced capacity to 
resist stress  [15] . Frailty increases vulnerability towards 
adverse health outcomes including falls, hospitalization, 
institutionalization, and mortality  [15] . A recent system-
atic review estimated that 10.7% of community-dwelling 
adults aged 65 and older are frail and 41.6% are pre-frail 
 [16] . The Arizona Frailty Cohort Study was undertaken 
to identify relevant sensor-based markers of motor per-
formance and PA that are useful for home-based frailty 
screening  [17] . The study employed one of the most com-
monly accepted operational definitions of frailty syn-
drome proposed by Fried et al.  [15] , which is based on 
weight loss, weakness, exhaustion, slowness, and low en-
ergy expenditure. The aim of this report was to evaluate 
sensor-based measures of gait, balance, and PA that are 
predictive of prospective falls in a cohort of community-
dwelling adults aged 65 and older that is stratified based 
on frailty status. We hypothesized that sensor-based 
baseline assessments can predict prospective fall events in 
older adults, independent of participant characteristics 
and retrospective fall history.

  Methods 

 Study Participants 
 Reported data were abstracted from the NIH-funded Arizona 

Frailty Cohort Study, an observational descriptive study of indi-
viduals 65 years or older conducted in Tucson, Arizona  [17] . Par-
ticipants were recruited from primary, secondary and tertiary 
health care settings, community providers, assisted living facilities, 
retirement homes, and aging service organizations. Adults aged 
 ≥ 65 years and without gait or mobility disorders (Parkinson’s dis-
ease, multiple sclerosis, or recent stroke) who reported being able 
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to walk  ≥ 9.14 m (30 feet) with or without an assistive device were 
eligible to be screened for study entry. Exclusion criteria included 
a Mini-Mental State Examination  [18]  score  ≤ 23, terminal illness, 
or unwillingness to participate. Eligible subjects signed a written 
informed consent form, approved by the University of Arizona 
institutional review board. In-home assessments were completed 
between September 2012 and July 2014 by trained clinical research 
coordinators.

  Measures 
 Participant Characteristics 
 A team of 2 trained clinical coordinators visited patients within 

their home or assisted living setting for collecting data, including 
gait, balance, and daily PA measurement. Measures included self-
reported history of falls, use of assistive device (cane or walker), and 
number of prescriptions. Demographic and health history data 
(age, sex, race/ethnicity, and daily medication count) were gathered 
through self-report. Height was taken on-site with a measuring tape 
between the floor and a pen held perpendicularly to a wall at the top 
of the participant’s head, and weight was measured using a bath-
room scale (Ozeri Touch II, Ozeri TM , Calif., USA) which provided 
weight, body fat percentage, and muscle percentage. Additionally, 
participants answered questionnaires to assess tiredness when per-
forming mobility-related tasks on the Mobility-Tiredness Scale 
 [19] , depression using the Center for Epidemiologic Studies De-
pression Scale  [20] , and independence as reflected by performance 
in activities of daily living from the Barthel Activities of Daily Living 
Index  [21] . Individuals were also asked to assess their concerns 
about falling using the Falls Efficacy Scale-International (FES-I), 
which poses 16 questions regarding the level of fear of falling across 
various situations  [22] . A Timed Up and Go (TUG) test was admin-
istered, in which coordinators measured required time for the par-
ticipant to rise from a chair, walk 3 m, turn around, walk back to 
the chair, and sit down, at participant’s self-selected speed  [23] .

  Frailty Assessment 
 Frailty was assessed using the five components specified in the 

Fried Frailty Phenotype criteria  [15] , including self-reported un-
intentional weight loss of 10 pounds or more in the previous year; 
weakness, based on grip strength test, stratified by gender and 
body mass index; slow walking speed, stratified by gender and 
height; self-reported exhaustion, and low energy expenditure, 
stratified by gender  [24] , based on the short version Minnesota 
Leisure Time Activity questionnaire  [25] . Following this algo-
rithm, subjects were categorized as non-frail if they met none of 
the criteria, pre-frail if they met one or two criteria, and frail if they 
met three or more criteria. This scale has exhibited high validity 
and has become a gold standard for classifying frailty in adults over 
the age of 65  [17] .

  Prospective Falls Ascertainment 
 Prospective fall incidence (falls occurring in the 6 months after 

the initial baseline study visit) were recorded and reported by par-
ticipants. A fall was considered to be an unexpected event in which 
the participants unintentionally come to rest on the ground, floor, 
or a lower level  [26, 27] . Participants were instructed to record all 
falls prospectively on a provided 6-month weekly fall diary log (date, 
time, activity prior to the fall, injury symptoms, and need for medi-
cal attention), and additionally report all falls by telephone to the 
study coordination office. A telephone interview after each reported 

call confirmed details of falls and injuries and resolved any missing 
data. Fall logs were collected in person at the 6-month follow-up 
visit. Each participant was dichotomously categorized as a non-fall-
er or a faller (at least one fall during the 6-month follow-up period).

  Sensor-Derived Balance, Gait, and PA Parameters 
 Balance and gait trials were performed using a validated wear-

able technology of five small inertial sensors (tri-axial accelerom-
eter and gyroscope) attached to the shins above ankles, thighs 
above knees, and lower back close to the sacrum (LEGSys TM ; Bio-
Sensics, Cambridge, Mass., USA)  [28, 29] . Balance during quiet 
standing was measured in two trials of 15 s, one with eyes open 
with no visual target specified, and one with eyes closed. For bal-
ance tests, participants were asked to stand silently and erectly with 
their arms crossed across their chest, and their feet as close togeth-
er as possible without touching. The balance software (Balan-
Sens TM , BioSensics) analysis included sway of hip, ankle, and center 
of mass (COM) extracted from the sensors attached on the right 
shin and the lower back  [30, 31] . The ankle, hip, and COM sways 
are the product of medial-lateral and anterior-posterior sways for 
each parameter.

  Gait assessment was conducted as participants walked a dis-
tance of 4.57 m (15 feet) in their home at a self-selected speed. The 
gait software (LEGSys TM ) analysis included gait speed, stride time, 
stride length, double support (as percentage of stride time), and 
gait variability (coefficient of variation of stride velocity), based on 
validated algorithms and data extracted from all five sensors  [29, 
32] . Participants who reported regular daily use of assistive de-
vices (canes or walkers) used their device for the gait assessments.

  PA, including posture durations (i.e., sitting, standing, walking, 
and lying), postural transitions, and locomotion outcomes (i.e., 
number of walking bouts, steps per day; distribution of steps per 
walking bout, and cadence), was monitored over a 48-hour period 
using a validated triaxial accelerometer wearable technology de-
vice (PAMSys TM , BioSensics), which was inserted into a T-shirt 
with a device pocket located at the sternum. Participants were ad-
vised to wear this shirt at all times, except while showering. The 
device was able to identify postural transitions and movements 
such as walking, standing, sitting, or lying, which are described in 
detail elsewhere  [32] .

  Statistical Analysis 
 To compare demographic and clinical characteristics between 

fallers and non-fallers, we used Student’s t tests for continuous vari-
ables, χ 2  tests for categorical variables (Fisher’s exact test if any cell 
had less than 5 participants), and the Cochran-Armitage (score) 
test for ordinal variables. The Mann-Whitney U test was used to 
compare sensor-based measures of gait, balance, and PA between 
non-fallers and fallers due to non-normal distribution of many of 
these variables. We compared participant characteristics and wear-
able sensor-based measures between fallers and non-fallers in a 
separate column for each frailty category (frail, pre-frail, and non-
frail) due to observed significant interactions between frailty cate-
gory and certain characteristics in predicting faller status. We cal-
culated means, standard deviations (or frequencies of categorical 
variables), p values, and Cohen’s d effect sizes for the sensor-based 
parameter differences. We used logistic regression to examine the 
association between frailty and the risk of being a faller (at least one 
fall) or a recurrent faller (at least two falls), using two indicator vari-
ables of pre-frail and frail, referenced to non-frail.
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  We used multiple logistic regression to examine the relationship 
of participant characteristics and wearable sensor-based measures 
with the risk of falling. Due to significant interactions observed be-
tween several sensor-based parameters and frailty status, we con-
structed separate models for frail/pre-frail combined and for non-
frail. Most notably, for the COM sway there was a significant in-
teraction (p = 0.031) indicating that frail/pre-frail had a 5-fold 
increased risk of falling with every square centimeter increase in 
COM sway, whereas non-frail subjects had no increased risk, ad-
justed for history of falls in previous 6 months. The rationale for 
combining frail and pre-frail groups was: (1) the frailty sample size 
by itself lacked sufficient power to detect associations if they ex-
isted; (2) effects for a given predictor variable were almost always 
in the same direction (and when not, the effect size was extremely 
close to zero), and (3) the interactions observed were strongest and 
more often statistically significant when evaluated with an indica-
tor of frail/pre-frail combined versus non-frail. However, after re-
gression models were constructed in pre-frail and frail combined, 
we inspected the final model in pre-frail and frail separately to 
judge whether combining the subgroups may have biased results.

  We first used univariate logistic regression with fallers versus 
non-fallers as the dependent variable to test the relationship with 
candidate variables. Candidate variables were selected if the p val-
ue was <0.20 in comparisons between fallers and non-fallers in the 
pre-frail or frail groups by the Mann-Whitney U test or χ 2  test. All 
independent variables in regression were continuous, except fall 
history in the previous 6 months and use of assistive devices, which 
were dichotomous. Odds ratios (ORs), 95% confidence intervals 
(CIs), standardized ORs (raw coefficient times standard deviation 
of independent variable) and p values are reported.

  Next, sequential multiple logistic models were constructed by 
adding blocks of related independent variables for which the p val-
ue was <0.20 in the univariate logistic regression, as well as retaining 
any independent significant predictor (p < 0.05) from the previous 
multiple logistic model. When two or more parameters within a 
block showed collinearity (r > 0.90), those with higher univariate p 
values were excluded. The sequential models were constructed as 
follows: model 1, balance parameters; model 2, gait parameters; 
model 3, PA parameters, and model 4, subject characteristics. Fi-
nally, model 5 retained all independent significant predictors (p < 
0.05) from model 4. For each multiple logistic regression model, we 
calculated: pseudo R 2 , a measure of model goodness of fit; area un-
der the curve (AUC) from receiver operating characteristic analysis, 
a measure of model ability to discriminate between fallers and non-
fallers, and Akaike information criteria (AIC), a relative measure of 
model goodness of fit and efficiency allowing comparison of models 
that are not nested (all terms of the smaller model occur in a larger 
model). Since AIC comparisons require the same sample across all 
models, it was derived from models on the subset of 55 participants 
with no missing block variables. Statistical analysis was performed 
using Stata version 14.0 (Statacorp, College Station, Tex., USA).

  Results 

 Demographic and Clinical Characteristics 
 The Arizona Frailty Cohort Study included 128 sub-

jects, of which 9 dropped out after baseline assessment. 

All 119 who completed the study provided prospective 
fall diaries and telephone confirmation; although, by the 
time of the 6-month visit, 5% had lost diaries, which were 
recreated based on telephone call records and prompting 
by the coordinator. The completed sample included 43 
(36%) non-frail, 57 (48%) pre-frail, and 19 (16%) frail 
participants. Almost 50% of both non-frail (n = 20, 47%) 
and frail (n = 9, 47%) participants experienced at least one 
fall during the 6-month follow-up, but only 33% of pre-
frail (n = 19) participants did so. The risk of being a faller 
in the follow-up was not significantly associated with be-
ing frail (OR 1.00, 95% CI 0.35–3.1, p = 0.95) or pre-frail 
(OR = 0.58, 95% CI 0.25–1.29, p = 0.18). The number of 
participants with two or more falls (recurrent faller) was 
13 (30%) non-frail, 5 (9%) pre-frail, and 3 (16%) frail. The 
risk of being a recurrent faller in the follow-up was not 
significantly associated with being frail (OR 0.43, 95% CI 
0.11–1.7, p = 0.24), but was significantly reduced in the 
pre-frail group (OR = 0.32, 95% CI 0.12–0.90, p = 0.03). 
Fear of falling (FES-I) increased significantly with in-
creasing frailty status (20.8 ± 4.2 non-frail, 28.9 ± 10.8 
pre-frail, and 41.4 ± 12.8 frail, p < 0.001 between each 
category, Bonferroni adjusted).

   Table  1  shows participant demographic and clinical 
characteristics, comparing fallers with non-fallers sepa-
rately for each frailty category. Age increased across frailty 
categories, but was not significantly different by faller sta-
tus within frailty categories. Fallers in the pre-frail group 
were significantly more likely to have reported a fall in the 
previous 6 months compared to non-fallers (p = 0.001), but 
this commonly reported association was not significant in 
the non-frail (p = 0.08) or frail groups (p = 0.35). Fallers in 
the pre-frail group were significantly more likely to use an 
assistive device (cane or walker) compared to non-fallers 
(p = 0.02), but the differences were not significant in the 
non-frail (p = 0.32) or frail groups (p = 0.35). However, all 
of the non-fallers who used assistive devices in the frail 
group used a walker, which may indicate a different fall risk 
from a cane. In the frailty group, fallers had a 5.3-point 
(43%) higher mean depression score that was not statisti-
cally significant (p = 0.09). Notably, the Timed Up and Go 
performance test did not discriminate between fallers and 
non-fallers, either as a continuous measure or as a dichot-
omous measure of  ≥ 13.5 s. No other significant associa-
tions with faller status were observed.

  Balance 
  Table 2  shows wearable sensor-based balance param-

eters, comparing fallers with non-fallers separately for 
each frailty category. In the pre-frail group during eyes 
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 Table 1.  Participant characteristics by incident faller status

Non-frail Pre-frail  Frail

faller
(n = 20)

non-faller
(n = 23)

p
value

faller
(n = 19)

non-faller
(n = 38)

p
value

 faller
(n = 9)

non-faller
(n = 10)

p
value

Age, years 74.4 ± 6.6 74.7 ± 6.7 0.882 79.4 ± 8.8 79.7 ± 8.5 0.896 80.9 ± 9.8 86.6 ± 5.9 0.137
Females 17 (85.0) 19 (82.6) 1.00 15 (79.0) 28 (73.7) 0.754 9 (100.0) 7 (70.0) 0.211
Race/ethnicity 0.852 0.668 0.851

Non-Hispanic White 16 (80.0) 16 (69.6) 16 (84.2) 28 (73.7) 7 (77.8) 6 (60.0)
Hispanic 0 1 (4.4) 0 3 (7.9) 1 (11.1) 1 (10.0)
Black 0 0 0 0 1 (11.1) 1 (10.0)
Other/refused 4 (20.0) 6 (26.1) 3 (15.8) 7 (18.4) 0 2 (20.0)

Fall history previous 6 monthsa 9 (47.4) 3 (15.8) 0.079 14 (82.4) 11 (31.4) 0.001 6 (66.7) 3 (37.5) 0.350
Fear of falling (FES-I) 20.8 ± 4.0 20.9 ± 4.5 0.958 32.2 ± 11.9 27.3 ± 9.9 0.106 42.8 ± 9.6 40.1 ± 15.5 0.661
Body mass index 0.3593 0.7933 0.468c

<25 9 (45.0) 14 (60.9) 5 (26.3) 12 (31.6) 2 (22.2) 2 (20.0)
25 – 29.9 7 (35.0) 5 (21.7) 7 (36.8) 7 (18.4) 2 (22.2) 6 (60.0)
30 – 34.9 3 (15.0) 4 (17.4) 4 (21.1) 13 (34.2) 3 (33.3) 0 

≥35 1 (5.0) 0 3 (15.8) 6 (15.8) 2 (22.2) 2 (20.0)
Fat, percent body composition 21.9 ± 8.1 20.3 ± 6.4 0.469 25.7 ± 10.7 27.6 ± 8.8 0.469 32.0 ± 12.2 27.5 ± 10.8 0.428
Muscle, percent body

composition 34.0 ± 4.1 34.2 ± 3.1 0.860 34.0 ± 5.1 31.9 ± 3.8 0.099 32.6 ± 4.8 32.7 ± 3.4 0.951

TUG, s 9.8 ± 2.8 9.3 ± 1.0 0.439 13.0 ± 3.7 14.0 ± 5.2 0.454 21.7 ± 8.8 22.3 ± 13.1 0.911
TUG ≥13.5 s 2 (10.0) 0 0.210 6 (31.6) 16 (43.2) 0.397 7 (77.8) 5 (62.5) 0.620
CES-D 5.7 ± 4.3 7.5 ± 6.7 0.293 5.0 ± 5.9 7.9 ± 6.9 0.120 17.6 ± 7.0 12.3 ± 5.8 0.091
Barthel ADL Index 97.0 ± 4.7 98.0 ± 4.7 0.450 95.0 ± 7.1 96.2 ± 5.9 0.512 86.7 ± 6.6 88.0 ± 12.7 0.782
Mobility-Tiredness Scale 5.5 ± 1.1 5.7 ± 0.57 0.445 4.6 ± 1.5 4.6 ± 1.7 1.00 2.1 ± 1.5 3.1 ± 2.0 0.243
Three or more prescriptionsb 11 (57.9) 10 (50.0) 0.621 11 (68.8) 19 (52.8) 0.282 8 (88.9) 7 (87.5) 1.00
Use of assistive device 3 (15.0) 1 (4.4) 0.323 12 (63.2) 12 (31.6) 0.023 5 (55.6) 8 (80.0) 0.350

 Data are presented as mean ± SD or number (%). a Missing fall history in 5 non-frail, 5 pre-frail, 2 frail. b Missing prescriptions in 4 non-frail, 4 pre-frail, 
2 frail. c Score test for trend.

 Table 2. Balance parameters by incident faller status, stratified by frailty status

Non-frail Pre-frail Frail

faller
(n = 20)

non-faller
(n = 23)

effect sizea

(p valueb)
faller
(n = 19)

non-faller
(n = 38)

effect sizea

(p valueb)
faller
(n = 9)

non-faller
(n = 10)

effect sizea

(p valueb)

Eyes open
Ankle sway, deg2 3.5 ± 3.0 3.3 ± 3.4 0.065 (0.232) 7.2 ± 5.3 3.6 ± 3.1 0.898 (0.007) 8.0 ± 10.8 3.7 ± 2.3 0.563 (0.564)
Hip sway, deg2 4.8 ± 3.4 3.9 ± 4.3 0.203 (0.092) 8.6 ± 6.8 4.1 ± 3.0 0.975 (0.021) 9.4 ± 14.1 4.6 ± 4.0 0.479 (0.923)
Hip sway-ankle sway ratio 1.5 ± 0.65 1.9 ± 0.86 –0.134 (0.057) 1.3 ± 1.00 1.4 ± 0.72 –0.067 (0.506) 1.1 ± 0.86 1.3 ± 0.75 0.142 (0.564)
COM, cm2 0.77 ± 0.66 0.69 ± 0.65 0.130 (0.168) 1.6 ± 1.2 0.66 ± 0.38 1.27 (0.010) 1.2 ± 0.89 0.68 ± 0.44 0.725 (0.386)
COM, cm

Medial-lateral 0.62 ± 0.32 0.56 ± 0.32 0.203 (0.500) 0.86 ± 0.44 0.59 ± 0.33 0.724 (0.021) 0.70 ± 0.38 0.53 ± 0.30 0.505 (0.248)
Anterior-posterior 1.2 ± 0.54 1.1 ± 0.68 0.177 (0.214) 1.6 ± 0.73 1.2 ± 0.44 0.838 (0.058) 1.6 ± 0.79 1.5 ± 0.58 0.161 (0.736)

Eyes closed
Ankle sway, deg2 7.1 ± 5.6 5.2 ± 3.6 0.392 (0.307) 12.9 ± 14.2 8.1 ± 5.9 0.519 (0.566) 13.4 ± 19.0 14.9 ± 20.1 –0.076 (0.923)
Hip sway, deg2 6.6 ± 2.9 5.5 ± 3.8 0.312 (0.223) 16.8 ± 20.6 10.1 ± 9.0 0.485 (0.409) 16.7 ± 23.1 8.7 ± 2.5 0.455 (0.630)
Hip sway-ankle sway ratio 1.4 ± 0.94 1.3 ± 0.72 0.134 (0.922) 1.5 ± 0.86 1.4 ± 0.92 0.105 (0.591) 1.5 ± 0.72 1.1 ± 0.82 0.446 (0.083)
COM, cm2 1.4 ± 0.96 1.0 ± 0.15 0.438 (0.268) 3.2 ± 3.4 1.7 ± 1.2 0.694 (0.247) 2.5 ± 2.3 2.2 ± 2.5 0.131 (0.847)
COM, cm

Medial-lateral 0.82 ± 0.36 0.70 ± 0.37 0.337 (0.233) 1.2 ± 0.92 0.89 ± 0.49 0.390 (0.435) 1.1 ± 0.61 0.83 ± 0.40 0.444 (0.564)
Anterior-posterior 1.6 ± 0.63 1.4 ± 0.75 0.307 (0.214) 2.3 ± 1.4 1.8 ± 0.80 0.480 (0.294) 2.0 ± 0.85 2.1 ± 1.4 –0.195 (0.847)

Data are presented as mean ± SD or as stated. a Cohen’s d. b Mann-Whitney U test.
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open trials, we observed significantly larger mean values 
in fallers for ankle sway (d = 0.898, p = 0.007), hip sway 
(d = 0.975, p = 0.02), and COM sway (d = 1.27, p = 0.01). 
The same measures in the frail group produced relatively 
large effect sizes, which were not statistically significant 
(ankle sway d = 0.563, hip sway d = 0.479, COM sway d = 
0.725). Analogous measures in eyes closed trials were not 
significantly different by faller status.

  Gait 
  Table 3  shows wearable sensor-based gait parameters, 

comparing fallers with non-fallers separately for each 
frailty category. In the pre-frail group, fallers had a sig-
nificantly greater mean double support during gait initia-
tion (d = 0.604, p = 0.02); this difference was not statisti-
cally significant for double support percent during steady-
state gait (d = 0.450, p = 0.09). No other significant 
associations between gait parameters and faller status 
were observed, including several not shown, such as gait 
cycle time, shin speed, knee range of motion, and trunk 
sway during walking.

  Physical Activity 
  Table 4  shows wearable sensor-based PA parameters, 

comparing fallers with non-fallers separately for each 
frailty category. In the frail group, we observed relatively 
large effect sizes for walking parameters, indicating larger 
mean values in fallers: walking time percent (d = 1.08, 
p = 0.07), mean walking bout duration (d = 1.16, p = 0.03), 
90th percentile of walking bout duration (d = 0.960, p = 
0.04), walking bout duration variability (d = 1.10, p = 

0.05), and steps per 24 h (d = 0.991, p = 0.09). Although 
few standing and sitting parameter differences by faller 
status were significant, the pattern of effect sizes suggests 
that non-fallers in both the prefrail and frail groups have 
longer episodes for both standing and sitting and greater 
episode duration variability for standing, compared to 
fallers. For example, mean standing bout duration in pre-
frail (d = –0.452) and frail (d = –0.394), as well as mean 
sitting bout duration in pre-frail (d = –0.392) and frail
(d = –0.977), all showed relatively large negative effect sizes.

  Adjusted Model 
 In the non-frail sample, the only independent, signifi-

cant predictor of faller status observed was history of a fall 
in the previous 6 months (OR = 4.8, 95% CI 1.02–22.6, 
p = 0.047).  Table 5  shows the results of sequential multi-
ple logistic regression modeling in the subsample of frail 
and pre-frail subjects combined. In the frail/pre-frail 
sample, most variables that were candidates based on the 
results in  tables 2–4 , had p < 0.20 in univariate logistic 
regression and were included in subsequent blocks of 
variables for multiple regression. Excluded due to collin-
earity were steps per 24 h (collinear with walking time 
percent), double support during gait initiation (collinear 
with double support during steady state), and the 90th 
percentile bout duration for walking, standing, or sitting 
(collinear with respective mean duration).

  In model 1 of the balance parameter block, only COM 
sway was an independent predictor (OR = 4.5, 95% CI 
1.7–12.0, p = 0.003). In model 2, the addition of the only 
candidate gait parameter, double support percent, yield-

 Table 3. Gait parameters by incident faller status, stratified by frailty status

Non-frail Pre-frail Frail

faller
(n = 20)

non-faller
(n = 23)

effect sizea

(p valueb)
faller
(n = 19)

non-faller
(n = 38)

effect sizea

(p valueb)
faller
(n = 9)

non-faller
(n = 10)

effect sizea

(p valueb)

Steady state
Speed, m/s 1.18 ± 0.18 1.17 ± 0.14 0.079 (0.592) 0.93 ± 0.26 0.98 ± 0.19 –0.254 (0.527) 0.68 ± 0.27 0.75 ± 0.47 –0.195 (0.930)
Stride time, s 1.09 ± 0.09 1.08 ± 0.10 0.109 (0.567) 1.23 ± 0.22 1.17 ± 0.16 0.366 (0.254) 1.30 ± 0.19 1.29 ± 0.22 0.049 (0.810)
Stride length, m 1.26 ± 0.14 1.24 ± 0.09 0.194 (0.119) 1.09 ± 0.20 1.12 ± 0.15 –0.154 (0.640) 0.84 ± 0.25 0.88 ± 0.36 –0.121 (0.895)
Double support, % 22.9 ± 4.4 21.4 ± 3.9 0.370 (0.330) 28.4 ± 5.6 25.9 ± 5.8 0.450 (0.088) 32.5 ± 6.4 30.5 ± 9.8 0.245 (0.402)
CV of speed, % 4.2 ± 2.8 4.2 ± 3.2 –0.007 (0.968) 5.4 ± 4.6 5.0 ± 3.6 0.113 (0.992) 6.6 ± 5.4 5.0 ± 2.3 0.374 (0.491)

Initiation
Speed, m/s 1.18 ± 0.18 1.18 ± 0.14 0.046 (0.634) 0.92 ± 0.26 0.98 ± 0.20 –0.234 (0.556) 0.67 ± 0.27 0.76 ± 0.49 –0.232 (0.923)
Stride time, s 1.10 ± 0.09 1.09 ± 0.11 0.074 (0.480) 1.25 ± 0.22 1.18 ± 0.15 0.394 (0.332) 1.31 ± 0.20 1.32 ± 0.24 –0.008 (0.772)
Stride length, m 1.26 ± 0.15 1.25 ± 0.08 0.134 (0.150) 1.09 ± 0.20 1.12 ± 0.16 –0.145 (0.651) 0.84±.25 0.90 ± 0.40 –0.178 (0.847)
Double support, % 23.2 ± 4.3 21.8 ± 3.6 0.348 (0.301) 30.0 ± 5.2 26.6 ± 5.9 0.604 (0.019) 33.4 ± 6.7 32.8 ± 12.6 0.055 (0.773)
CV of speed, % 4.1 ± 2.8 3.4 ± 1.5 0.328 (0.751) 5.5 ± 4.5 5.4 ± 4.0 0.018 (0.967) 6.0 ± 2.7 7.5 ± 7.2 –0.289 (0.791)

Data are presented as mean ± SD or as stated. CV = Coefficient of variation = mean/SD. a Cohen’s d. b Mann-Whitney U test. 
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 Table 5. Multiple logistic regression models predicting having any incident fall in frail and pre-frail subjects combined

Variable Univariate Model 1
balance block
(n = 67)

Model 2
gait block
(n = 62)

Model 3
PA block
(n = 65)

Model 4
other block
(n = 60)

Model 5
parsimonious
(n = 60)

COM EO (cm2) 4.4 (2.2 – 9.1)a 4.5 (1.7 – 12.0)b 3.8 (1.9 – 7.8)a 5.8 (2.5 – 13.3)a 6.2 (2.1 – 18.9)a 5.9 (2.6 – 13.7)a

Ankle sway EO (deg2) 1.2 (1.0 – 1.5)c 1.0 (0.85 – 1.2)
Hip sway EO (deg2) 1.2 (1.0 – 1.3)b 0.99 (0.86 – 1.1)
Double support, steady state (%) 1.1 (0.98 – 1.2)e 1.0 (0.94 – 1.2)
Walking during 48 h (%) 1.1 (0.91 – 1.3)
Mean walking bout duration (s) 1.0 (0.99 – 1.1)e 1.1 (1.0 – 1.1)b 1.1 (1.0 – 1.2)b 1.1 (1.0 – 1.2)b

Walking bout duration variability (s) 1.0 (0.99 – 1.0)
Mean standing bout duration (s) 0.97 (0.95 – 1.0)d 0.94 (0.90 – 0.99)c 0.91 (0.84 – 0.98)b 0.94 (0.91 – 0.99)b

Mean sitting bout duration (s) 0.99 (0.99 – 1.0)c 0.99 (0.98 – 1.0)
Sitting bout duration variability (s) 0.99 (0.99 – 1.0)
Postural transitions per 24 h (n) 1.0 (1.0 – 1.0)c 1.0 (0.99 – 1.0)
Age (years) 0.98 (0.93 – 1.0)
Fall history previous 6 months (Y/N) 6.9 (2.2 – 21.2)a 6.7 (1.3 – 34.7)c 7.3 (1.5 – 36.4)c

Use of assistive device (Y/N) 2.2 (0.83 – 5.6)e 5.1 (0.42 – 60.6)e

Fear of falling (FES-I score) 1.0 (0.99 – 1.1)d 1.0 (0.92 –1.1) e

Muscle (% body composition) 1.1 (0.97 – 1.2)e 1.1 (0.93 – 1.4)e

CES-Depression Scale 1.0 (0.94 – 1.1)

Model pseudo R2 0.186 0.189 0.327 0.478 0.427
Model AUC 0.705 0.738 0.842 0.907 0.882
Model AICf 68.7 66.6 63.1 54.4 54.8

Values indicate OR (95% CI). EO = Eyes open. a p < 0.001. b p < 0.01. c p < 0.05. d p < 0.10. e p < 0.20. f From models on a subset of 55 subjects with no 
missing variables.

 Table 4. Physical activity parameters (48 h) by incident faller status, stratified by frailty status

Non-frail Pre-frail Frail

faller
(n = 20)

non-faller
(n = 23)

effect sizea

(p valueb)
faller
(n = 19)

non-faller
(n = 38)

effect sizea

(p valueb)
faller
(n = 9)

non-faller
(n = 10)

effect sizea

(p valueb)

Walking
Walking during 48 h, % 6.9 ± 3.2 7.7 ± 3.2 –0.254 (0.543) 5.4 ± 1.8 5.3 ± 2.6 0.035 (0.518) 5.2 ± 3.1 2.4 ± 2.0 1.08 (0.072)
Mean walking bout duration, s 39.3 ± 16.1 42.9 ± 16.8 –0.218 (0.551) 39.6 ± 15.9 39.0 ± 12.3 0.040 (0.530) 45.4 ± 12.4 30.2 ± 13.7 1.16 (0.034)
Walking bout duration, 90th percentile, s 70.6 ± 28.9 78.0 ± 27.3 –0.263 (0.368) 84.0 ± 36.4 78.8 ± 28.5 0.164 (0.804) 97.0 ± 39.5 61.8 ± 34.1 0.960 (0.041)
Walking bout duration variability, s 89.1 ± 76.3 87.9 ± 80.4 0.015 (0.715) 56.3 ± 37.6 59.6 ± 44.1 –0.078 (0.684) 49.2 ± 20.2 28.4 ± 17.6 1.10 (0.050)
Steps per 24 h, n 5,969 ± 3,730 6,147 ± 2,671 –0.056 (0.644) 3,790 ± 1,589 3,981 ± 2,488 –0.086 (0.697) 3,644 ± 2,568 1,625 ± 1,407 0.991 (0.086)

Standing
Standing during 48 h, % 17.3 ± 4.8 17.1 ± 4.9 0.167 (0.798) 14.2 ± 5.2 13.9 ± 4.2 0.076 (0.763) 13.6 ± 4.3 10.8 ± 5.2 0.590 (0.165)
Mean standing bout duration, s 65.2 ± 26.7 59.9 ± 17.6 0.235 (0.361) 56.0 ± 12.9 63.6 ± 18.7 –0.452 (0.124) 66.2 ± 10.4 73.0 ± 21.3 –0.394 (0.514)
Standing bout duration, 90th percentile, s 155.8 ± 68.5 143.2 ± 38.5 0.230 (0.450) 129.5 ± 26.7 147.6 ± 38.2 –0.522 (0.055) 157.0 ± 32.0 164.9 ± 51.7 –0.180 (0.744)
Standing bout duration variability, s 99.0 ± 43.6 94.6 ± 47.1 0.098 (0.635) 82.6 ± 34.8 100.8 ± 58.3 –0.353 (0.154) 89.2 ± 13.2 110.4 ± 67.5 –0.424 (0.744)

Sitting
Sitting during 48 h, % 35.1 ± 7.7 33.9 ± 10.1 0.133 (0.961) 41.5 ± 11.5 38.6 ± 10.3 0.269 (0.371) 41.1 ± 6.5 45.2 ± 16.6 –0.319 (0.568)
Mean sitting bout duration, s 210.9 ± 81.4 224.6 ± 108.4 –0.142 (0.697) 254.0 ± 93.3 310.1 ± 162.7 –0.392 (0.344) 298.8 ± 57.6 429.4 ± 175.4 –0.977 (0.041)
Sitting bout duration, 90th percentile, s 545.1 ± 224.0 625.7 ± 350.5 –0.270 (0.511) 613.8 ± 312.9 876.0 ± 546.1 –0.546 (0.046) 776 ± 195 1,148 ± 601 –0.815 (0.121)
Sitting bout duration variability, s 512.6 ± 214.9 473.4 ± 175.0 0.202 (0.422) 628.2 ± 216.8 629.8 ± 280.1 –0.006 (0.804) 594 ± 141 910 ± 494 –0.849 (0.050)

Lying
Lying during 48 h, % 40.1 ± 8.1 41.3 ± 9.2 –0.136 (0.836) 38.9 ± 12.5 42.2 ± 9.7 –0.309 (0.184) 40.1 ± 9.2 41.6 ± 18.3 –0.100 (0.624)
Mean lying bout duration, s 1,930 ± 860 1,941 ± 864 –0.012 (0.865) 2,778 ± 1,366 2,734 ± 1,587 0.029 (0.490) 2,289 ± 598 3,239 ± 1,873 –0.668 (0.414)
Lying bout duration, 90th percentile, s 5,392 ± 2,979 5,993 ± 2,926 –0.203 (0.450) 8,438 ± 5,221 7,800 ± 5,549 0.117 (0.468) 6,718 ± 1,777 8,665 ± 4,463 –0.561 (0.462)
Lying bout duration variability, s 3,572 ± 1,483 3,445 ± 1,652 0.081 (0.679) 3,856 ± 1,828 4,289 ± 3,200 –0.154 (0.697) 2,982 ± 958 3,813 ± 1,780 –0.572 (0.289)
Postural transitions per 24 h, n 163.7 ± 50.1 152.2 ± 47.8 0.236 (0.450) 158.2 ± 57.1 126.8 ± 41.1 0.668 (0.063) 124.5 ± 23.4 106.2 ± 44.8 0.505 (0.191)

Data are presented as mean ± SD or as stated. a Cohen’s d. b Mann-Whitney U test.
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ed similar estimates for COM sway (OR = 3.8, 95% CI 
1.9–7.8, p < 0.001). Model 3 introduced a block of candi-
date PA parameters; mean walking bout duration and 
mean standing bout duration were both significant pre-
dictors, indicating an increased risk of falling with in-
creasing walking episode duration and a decreased risk of 
falling with increasing standing episode duration. In 
model 3, the association with COM sway was strength-
ened considerably, indicating possible confounding by 
PA. Model 4 shows that fall history in previous 6 months 
is a strong predictor of future falls, but its inclusion did 
not alter the estimates of other independent predictors 
substantially. The use of assistive devices had a large OR 
point estimate, but an extremely wide CI, indicating un-
certainty in this estimate (p = 0.20).

  Finally, model 5 demonstrates that exclusion of the 
non-significant covariates from model 4, particularly use 
of assistive devices, made very little change to the esti-
mates of other independent predictors. Furthermore, 
model 5 in frail and pre-frail separately produced esti-
mated ORs similar to or stronger than (though not always 
statistically significant) model 5 in pre-frail combined for 
COM sway (OR 8.8, p < 0.001 pre-frail; OR 13.9, p = 0.10 
frail), mean walking bout duration (OR 1.1, p = 0.02 pre-
frail; OR 1.5, p = 0.01 frail), and mean standing bout du-
ration (OR 0.95, p = 0.03 pre-frail; OR 0.77, p = 0.07 frail). 
In model 5 for frail only, an OR for fall history in previous 
6 months could not be estimated because it predicted pro-
spective falls perfectly.

  For model 5 in pre-frail and frail combined, the stan-
dardized ORs for continuous parameters were OR S  = 4.6 
COM sway, OR S  = 3.4 mean walking bout duration, 
OR S  = 0.4 mean standing bout duration, and OR S  = 2.7 
for fall history in previous 6 months, indicating that the 
relative importance of the sensor-based parameters is 
COM sway > walking bout duration > fall history > stand-
ing bout duration. Inspection of the pseudo R 2  across 
models shows better prediction of the outcome with each 
addition of independent predictors, rising to 0.478 in 
model 4. The AUC increased markedly from 0.705 in 
model 1 to 0.907 in model 4, indicating that model 4 is 
highly accurate in discriminating between fallers and non-
fallers. A lower AIC indicates better quality in terms of 
goodness of fit or the presence of fewer covariates without 
loss of fit. The AIC decrease between model 1 and model 
4 indicates increasing model quality in terms of goodness 
of fit without superfluous covariates that do not contrib-
ute to fit. For model 5, all three indicators are slightly less 
optimal, suggesting that the more parsimonious model 
does not improve predictive value or goodness of fit.

  Discussion 

 This study examined the most sensitive sensor-derived 
PA, gait, and balance parameters for prediction of pro-
spective falls during a 6-month follow-up period in com-
munity dwelling elders stratified based on frailty status. A 
strength of the study lies in the fact that the measures were 
conducted in the home and community settings, which 
allowed for inclusion of nearly homebound participants 
who are often excluded in clinic-based studies. The re-
sults suggest that performance-based tests such as gait tri-
als and TUG are insensitive predictors of future falls in 
particular among frail and pre-frail older adults, whereas 
certain balance and PA parameters related to walking and 
standing may be useful fall risk predictors in populations 
with indicators of frailty.

  With the exception of balance measures and history of 
falls, none of the demographic, questionnaires, or perfor-
mance-based tests (i.e., gait trials, TUG test) discriminat-
ed between future fallers and non-fallers. When catego-
rizing older adults based on frailty status, we did not ob-
serve an association between fall risk and gait velocity or 
gait measures other than double support percent, which 
was not a significant predictor in adjusted models. Previ-
ous studies have described increased fall risk associated 
with slower gait speed, swing, double-support percent, 
swing time variability, and stride length variability  [33, 
34] . However, these studies did not stratify or adjust for 
frailty status to the best of our knowledge, and often ex-
cluded frail, home-bound, older adults. Although there 
are reports of TUG as a significant predictor of fall risk 
 [35] , a recent systematic review concluded that perfor-
mance-based tests such as TUG had poor to moderate 
accuracy for predicting future falls, especially in higher-
functioning older people  [36] .

  Our results suggest that among frail and pre-frail old-
er adults, balance and PA parameters are predictive of fall 
risk, but gait parameters are not. The findings indicate 
that COM sway, mean walking bout duration, and mean 
standing bout duration, are sensor-based measures that 
could enhance the accuracy of fall risk assessment in frail 
elders. We found that increased COM sway (each cm 2 ) 
was associated with a roughly 4- to 6-fold increased odds 
of a fall over 6 months, increased mean walking bout du-
ration (each second) with a 10% increased odds, and in-
creased mean standing bout duration (each second) with 
a 6% decreased odds, adjusted for history of a fall in the 
previous 6 months. Of particular interest is the finding 
that increased PA (as measured by bout duration) was as-
sociated with a greater occurrence of falls, which we ob-
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served in the frail group (unadjusted and adjusted results) 
and the pre-frail group (adjusted results), consistent with 
the possibility that frail and pre-frail elders who do not 
avoid PA may experience more falls. None of the sensor-
derived parameters were sensitive to predict prospective 
falls in the non-frail group, which may indicate that falls 
in non-frail people are not dependent on motor perfor-
mance and functional status.

  We did not observe an increased risk of falling with 
increasing frailty category, which is inconsistent with nu-
merous previous reports  [37, 38] . One explanation could 
be that the non-frail participants in our study were un-
usually active, had a lower fear of falling, took more risks 
or were less cautious, and experienced a higher rate of 
falls than typically observed in non-frail samples. For ex-
ample, in the Study of Osteoporotic Fractures, only 8% of 
non-frail women (mean age 75, same as our non-frail 
sample) reported two or more falls over a year, compared 
to 30% in our study over 6 months  [37] . Another contrib-
uting explanation could be that the frail participants ex-
ercised greater caution, which could have been heighted 
by a Hawthorne effect of participating in a study whose 
goals included surveillance of falls. Such caution may 
have a greater preventive effect in pre-frail participants, 
because many frail persons have reached a level of weak-
ness and mobility deficit, where a high fall risk is difficult 
to mitigate. Finally, fall rates in the frail group of our 
study may have been reduced by the exclusion of those 
with a Mini-Mental State Examination score of 23 or low-
er, movement disorders such as Parkinson’s disease or 
multiple sclerosis, or a recent stroke. These exclusions 
were made to assure that subjects could complete the 
body-worn sensor assessments, but also removed more 
complicated and higher-risk subjects.

  Limitations and Future Research 
 There are several limitations to consider in the inter-

pretation of these findings. First, our sample size included 
57 pre-frail and 19 frail participants. The power to detect 
differences between fallers and non-fallers in participant 
characteristics and sensor-based measures may have been 
limited in the frail group; as a result, we combined pre-frail 
and frail for multiple logistic regression predicting a pro-
spective faller. Although this combination was supported 
by a pattern of effect sizes for faller status that were com-
parable or in the same direction between pre-frail and 
frail, there were more exceptions to this pattern among PA 
parameters than gait or balance parameters. However, the 
final adjusted models in frail and pre-frail separately were 
comparable to and corroborated the model with frail and 

pre-frail combined. Second, our sample was predomi-
nantly women; although we did not observe a difference 
in fall risk by sex, our model parameter estimates may have 
a limited generalizability to a population with a more bal-
anced sex composition. Third, the study exclusions for 
cognitive impairment, movement disorders, and stroke 
may limit generalizability of our findings to populations 
without these comorbidities. Fourth, we recruited partic-
ipants using a convenience sample technique designed 
to oversample frail and pre-frail community-dwelling 
 elders. Therefore, the sample may not adequately repre-
sent the general population of community-dwelling older 
adults, and the effects we estimated should be validated in 
a larger probability sample. Fifth, we used the most wide-
ly adopted Fried frailty criteria, which has been associated 
with numerous poor outcomes. However, there is to date 
no clear consensus regarding the definition of frailty  [39] . 
It is possible that a broader frailty concept including cog-
nitive, psychological, or social components (such as the 
LASA frailty instrument  [38] ) or a continuous measure 
(such as the Rockwood Index  [40] ), could have altered the 
moderating effect we observed for frailty. A sixth potential 
limitation is the 48-hour PA assessment period, which 
may not cover day-to-day variability. Given that PA in 
older adults is less variable and high day-to-day reliability 
of PA assessment has been reported for older adults (>60 
years)  [41] , we believe that 48-hour monitoring in our 
study was most likely sufficient to document habitual PA. 
Seventh, we reported gait parameters that have been most 
commonly reported and associated with falls in previous 
studies  [33, 42, 43] . However, there are some other gait 
parameters (e.g., fractal gait analysis or local dynamic sta-
bility) that require nonlinear analysis of a large sample of 
gait data. Due to the limitations of our experimental setup, 
we were not able to perform a long-distance walking test, 
and our data were not sufficiently large for nonlinear gait 
analysis. Additional frequency-based gait (quality) pa-
rameters can be extracted from free-living activity data us-
ing nonlinear frequency analysis, which we plan to assess 
in future analyses. Finally, about 5% of subjects who recre-
ated their fall diaries at the follow-up visit may have been 
prone to recall bias. We would expect that in our cohort of 
cognitively intact subjects, all serious falls requiring med-
ical intervention would have been reported, whereas mi-
nor falls may have been underreported in the small num-
ber of participants requiring assistance to fill out diaries.

  We included assistive device (canes and walkers) users 
who used their regular devices during gait trials, which 
may have minimized the detection of gait deficits  [44] . 
Gait in older adults who use a walking assistive device is 
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