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in the 3-month follow-up period) versus non-fallers.  Results:  
77 people were included in the study (age 81.8 ± 6.3; com-
munity-dwelling 88%, institutionalized 12%). Surprisingly, 
fallers and non-fallers did not differ on any conventional as-
sessment (p = 0.069–0.991), except for ‘previous faller’ (p = 
0.006). Interestingly, several PA parameters discriminated 
between the groups. The ‘walking bout average duration’, 
‘longest walking bout duration’ and ‘walking bout duration 
variability’ were lower in fallers, compared to non-fallers
(p = 0.008–0.027). The ‘standing bout average duration’ was 
higher in fallers (p = 0.050). Two variables, ‘walking bout av-
erage duration’ [odds ratio (OR) 0.79, p = 0.012] and ‘previ-
ous faller’ (OR 4.44, p = 0.007) were identified as indepen-
dent predictors for falls. The OR for a ‘walking bout average 
duration’ <15 s for predicting fallers was 6.30 (p = 0.020). 
Combining ‘walking bout average duration’ and ‘previous 
faller’ improved fall prediction (OR 7.71, p < 0.001, sensitivi-
ty/specificity 72%/76%).  Discussion:  Results demonstrate 
that sensor-derived PA parameters are independent predic-
tors of the fall risk and may have higher diagnostic accuracy 
in persons with dementia compared to conventional fall risk 
measures. Our findings highlight the potential of telemoni-
toring technology for estimating the fall risk. Results should 
be confirmed in a larger study and by measuring PA over a 
longer period of time.  © 2014 S. Karger AG, Basel 
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 Abstract 

  Background:  There is a need for simple clinical tools that can 
objectively assess the fall risk in people with dementia. Wear-
able sensors seem to have the potential for fall prediction; 
however, there has been limited work performed in this im-
portant area.  Objective:  To explore the validity of sensor-
derived physical activity (PA) parameters for predicting fu-
ture falls in people with dementia. To compare sensor-based 
fall risk assessment with conventional fall risk measures. 
 Methods:  This was a cohort study of people with confirmed 
dementia discharged from a geriatric rehabilitation ward. PA 
was quantified using 24-hour motion-sensor monitoring at 
the beginning of the study. PA parameters (percentage of 
walking, standing, sitting, and lying; duration of single walk-
ing, standing, and sitting bouts) were extracted using spe-
cific algorithms. Conventional assessment included perfor-
mance-based tests (Timed Up and Go Test, Performance-Ori-
ented Mobility Assessment, 5-chair stand) and question-
naires (cognition, ADL status, fear of falling, depression, pre-
vious faller). Outcome measures were fallers (at least one fall 
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 Introduction 

 Falls are a significant cause of injuries, loss of confi-
dence, institutionalization and mortality in all older peo-
ple  [1, 2] , but particularly in those with dementia  [3, 4] . 
Their risk of falling is 3-fold higher compared to cogni-
tively intact subjects  [5] . When falling, they have a 3- to 
4-fold risk of severe fall-related injuries such as hip frac-
tures  [6] . People with dementia recover less well after a 
fall than those without dementia  [7] . In view of the suf-
fering caused by such falls, and the enormous cost of car-
ing for people with dementia who have fallen, there is an 
urgent need to optimize the prevention of falls in this 
group.

  Among various predictors for falls in the population 
with dementia (i.e. disease-specific motor impairment, 
type and severity of dementia, behavioral disturbances, 
functional impairment, and neuroleptics  [8] ), physical 
activity (PA) level has been identified as one important 
and potentially modifiable fall risk factor  [5, 9, 10] . Some 
studies have found higher levels of PA to be protective 
against falling  [9]  whereas others have reported demen-
tia-specific PA characteristics (i.e. wandering, agitated 
behavior) as fall predictors  [5, 10] . Existing fall-predic-
tion studies in people with dementia have used subjective 
questionnaire-based PA assessment  [9, 11]  which may 
not allow accurate discrimination between ‘protective’ or 
‘risk’ PA pattern. Objective monitoring of PA character-
istics in person with dementia and exploration of their 
relationship with falling is needed to better understand 
and design effective interventions for this population 
 [11] .

  In recent years, body-wearable sensor technology 
based on electromechanical sensors has provided a new 
avenue for objectively detecting and monitoring body 
motion and PA of individuals under natural conditions 
 [12, 13] . Wearable sensors have the benefits of portability 
and low cost, making these devices relevant to real-world 
fall risk assessment  [14, 15] . Since many falls occur in the 
home and community, where hazards are commonplace, 
it has been suggested to assess fall risk in these complex 
‘natural’ environments  [16, 17] . Further, there are signif-
icant concerns that people working in busy clinical set-
tings do not have the time or equipment required to per-
form thorough objective fall risk assessments  [18] , and 
even where possible, these clinical settings do not emulate 
the natural home and community environment  [16, 17] . 
Additionally, fall risk assessment based on performance-
based tests may be insensitive in those with cognitive im-
pairment  [19, 20] . There is a need for simple clinical tools 

that can objectively assess fall risk in the rapidly growing 
population of cognitively impaired  [18, 21] . However, to 
date, there has been limited work performed in this im-
portant area  [18, 21, 22] .

  A recent systematic review on wearable sensors-based 
fall prediction highlighted important shortcomings in-
cluding (a) lack of prospective fall risk assessment, (b) 
lack of studies in more specialized high-risk populations 
such as those with dementia, and (c) lack of comparison 
between wearable sensor-based assessments and current 
clinical assessments for demonstrating benefits of the 
new sensor-based methods  [22] . Importantly, the exist-
ing studies captured sensor data during in-clinic assess-
ments such as the Timed Up and Go Test (TUG)  [23, 24]  
or gait analysis  [25]  which require a specific test routine 
or laboratory setting. To our knowledge, no study ex-
plored the accuracy of sensor data captured in an every-
day environment for prediction of future falls in people 
with dementia.

  The aim of this study was to explore the validity of 
sensor-derived PA parameters quantified within a natu-
ral environment for predicting future falls in people with 
dementia. A second aim was to compare the validity of 
sensor-based fall risk assessment with conventional fall 
risk measures.

  Methods 

 Sample 
 Participants were recruited from rehabilitation wards of a ge-

riatric hospital (Agaplesion Bethanien Hospital, Heidelberg, Ger-
many) at the end of rehabilitation. In individuals who met inclu-
sion criteria for cognitive impairment (Mini-Mental State Exam-
ination, MMSE  [26] , score 17–26), a dementia diagnosis was 
confirmed according to international standards  [27, 28] . Diagno-
sis was based on medical history, clinical examination, cerebral 
imaging, established neuropsychological test battery (Consor-
tium to Establish a Registry for Alzheimer’s Disease  [29] ), and the 
Trail Making Test  [30] . Further inclusion criteria were written 
informed consent, approval by the legal guardian (if appointed), 
aged 65 and older, and no uncontrolled or terminal neurological, 
cardiovascular, metabolic, or psychiatric disorder. The study was 
approved by the Medical Department of the University of Heidel-
berg Ethics Committee in accordance with the Helsinki Declara-
tion.

  Descriptive Measures 
 Age, gender, cognitive performance (MMSE)  [26] , activities of 

daily living (ADL, Barthel Index)  [31] , fear of falling (Falls Efficacy 
Scale-International, FES-I)  [32] , depression (Cornell Scale for De-
pression in Dementia)  [33] , comorbidity (Cumulative Illness Rat-
ing Scale, CIRS)  [34] , and previous falls (in the last year, retrospec-
tive documentation) as obtained by self-report.
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  Performance-Based Assessment of Functional Status 
  Performance-Oriented Mobility Assessment (POMA).  The 

POMA  [35]  is a reliable and valid clinical test to assess gait and 
mobility deficits in specified motor tasks, related to risk of falling 
(i.e. rising from a chair, standing balance, turning, initiating gait, 
sitting down) in older adults and patient populations  [36] . The to-
tal score range is 0–28 with higher values indicating better perfor-
mance. An experienced therapist instructed the participants how 
to perform the maneuvers, supervised the participants, and scored 
each participant’s performance.

   Timed Up and Go Test.  The TUG  [37]  was used to test partici-
pants’ basic functional mobility. The TUG is a reliable and valid 
clinical test to quantify mobility performance by timing partici-
pants with a stopwatch while rising from an armchair, walking
3 m, turning, walking back, and sitting down.

   5-Chair Stand.  The 5-chair stand test is an established func-
tional assessment in older adults, measuring the time (seconds) 
required to complete 5 repeated chair stands  [38] . Participants 
were asked to stand up 5 times from the initial sitting position as 
quickly as possible.

  PA Assessment 
 PA was quantified during a 24-hour period by a motion sensor 

(Physilog  [13] ) attached to the chest with an elastic belt. Patients 
were visited at home for attaching/detaching the sensor. All mea-
sures were conducted during a weekday. The Physilog system (Bio-
AGM, CH) is a small (95 × 60 × 22 mm), light (122 g), long-term 
recording system containing inertial sensors (two accelerometers 
and one gyroscope) with software developed to identify postural 
positions and movements such as walking, standing, sitting, or lying 
 [12, 13, 15] . A walking period was defined as an interval with at least 
3 successive steps as described in the validation study of the Physilog 
 [13] . Activities with <3 steps were considered as standing (e.g. 
working in the kitchen and moving <3 steps). The analysis algo-
rithm is described elsewhere in detail  [13] . It has proven to be sensi-
tive (87–99%) and specific (87–99.7%) for detection of the PA pat-
tern in different samples of older adults and patients  [12, 13, 15, 39] .

  Nine PA parameters were calculated which represent charac-
teristics of walking, standing, sitting and lying: (1) walking during 
24 h, %; (2) average duration of all walking bouts conducted during 
the 24-hour measurement (=walking bout average duration), s; (3) 
duration of the longest walking bout (=longest walking bout dura-
tion), s; (4) variability of the duration of walking bout as calculated 
by the coefficient of variation (CV) (=walking bout duration vari-
ability), %; (5) standing during 24 h, %; (6) standing bout average 
duration, s; (7) sitting during 24 h, %; (8) sitting bout average du-
ration, s, and (9) lying during 24 h, %.

  Assessment of Falls 
 All study participants were monitored for falls for 3 months 

after the initial baseline assessment. Fall calendars were sent to the 
participants with written instructions and a prepaid return enve-
lope to return the calendar every month. Phone calls were used to 
remind the participants of missing calendar fall logs. A fall was 
defined as ‘an unexpected event in which the participants come to 
rest on the ground, floor, or lower level’  [40] . Following a previous 
fall prediction study in people with dementia  [19] , the 3-month 
follow-up period was chosen in an attempt to be long enough to 
capture fall occurrences but not so long that the progression of the 
dementia could be a confounding factor.

  Statistical Analysis 
 Each participant was dichotomously categorized as a ‘non-fall-

er’ or a ‘faller’ (at least one fall in a 3-month follow-up period). The 
means, SD and range were calculated, for non-fallers and fallers, 
for each of the variables reported in the present study. The Mann-
Whitney U test was used to evaluate the validity of variables to 
discriminate between non-fallers and fallers due to non-normal 
distribution of several continuous variables. χ 2  tests were used for 
dichotomous variables.

  Logistic regression analysis was employed to examine the rela-
tionship between each study variable and risk of falling. First, uni-
variate logistic regression was employed to investigate the relation-
ship of the test variables using ‘faller/non-faller’ as the dependent 
variable. This strategy reflects the exploratory character of the 
study. The odds ratio (OR) and coefficient of determination (R 2 ) 
were calculated for each explanatory variable. All variables were 
treated as continuous except ‘previous faller’ which was treated 
dichotomously (yes/no). Second, stepwise multivariate logistic re-
gression, using the variables found to be significantly associated in 
the univariate analysis, was performed to investigate the indepen-
dent effects of variables in predicting fallers. The receiver operat-
ing curve (ROC) and area under the curve (AUC) were calculated 
for different fall-prediction models. Sensitivities and specificities 
for different cutoff values were calculated for non-categorical vari-
ables shown to have an independent effect on predicting fallers. A 
two-sided p  ≤  0.05 was considered to be statistically significant. 
Statistical analysis was performed using SPSS statistics 21.0 (IBM, 
Armonk, N.Y., USA).

  Results 

 118 people were asked to participate in the study. Of 
these, 115 (97.5%) agreed to take part. The 3 (2.5%) who 
declined did so because they did not like the idea of wear-
ing the activity sensor. Another 6 participants (5.2%) re-
moved the activity sensor before the end of the 24-hour 
period and were excluded from the analysis.

  77 participants (67.0%) completed the study at 3 months. 
3 died (2.6%) and 29 (25.2%) did not complete the calen-
dar-based fall documentation and were excluded from the 
analysis. The sample population comprised older adults 
(age 81.8 ± 6.3 years) with impaired cognitive (MMSE 
score 22.1 ± 3.2) and functional (Barthel Index score 82.7 
± 14.2; POMA score 21.0 ± 4.5) status. Participants had 
been discharged from a geriatric rehabilitation ward. Rea-
sons for rehabilitation were: cerebrovascular diseases 
15.7%, lower limb fractures 13.7%, other fracture 11.8%, 
heart disease 11.8%, and miscellaneous diagnoses includ-
ing genitourinary, digestive, neoplasm, respiratory 47.0%. 
During the time of PA assessment, 68 participants (88.3%) 
were living independently at home, partly with supportive 
care, and 9 (11.7%) were institutionalized. 28 participants 
(36.4%) had fallen during the 3-month follow-up period.
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  Validity of Variables to Discriminate between Fallers 
and Non-Fallers 
 Comparison of study variables between fallers and 

non-fallers are displayed in  table 1 . Fallers and non-fallers 
did not significantly differ for age, gender, cognitive sta-
tus, ADL status, depression, comorbidities, or living situ-
ation (community-dwelling vs. institutionalized) (p = 
0.069–0.991). Participants who fell during the 3-month 
observation period had significantly fallen more often in 
the last year (fallers 75%, non-fallers 42.9%; p = 0.006).

  Surprisingly, no significant differences between fallers 
and non-fallers were obtained for performance-based 
tests (p = 0.236–0.928). In contrast, significant differenc-
es between both groups were obtained for sensor-based 
PA parameters related to walking and standing. The 

‘walking bout average duration’ was lower in fallers (mean 
10.7 ± 2.3 s) compared to non-fallers (mean 13.5 ± 5.2 s, 
p = 0.008;  fig. 1 a). The ‘longest walking bout duration’ 
was shorter in fallers (mean 89.9 ± 100.2 s) compared to 
non-fallers (mean 200.5 ± 281.7 s, p = 0.009;  fig. 1 b). The 
‘walking bout duration variability’ was lower in fallers 
(CV mean 87.1 ± 35.5%) compared to non-fallers (CV 
mean 126.5 ± 80.1%, p = 0.027;  fig.  1 c). Interestingly,
fallers had a higher ‘standing bout average duration’ 
(mean 51.1 ± 30.4 s) compared to non-fallers (mean 40.8 ± 
11.9 s, p = 0.050;  fig. 1 d).

  Predictor Variables for Falls 
 In the univariate regression analysis, four variables 

were significantly associated with the risk of falling in the 

 Table 1.  Differences between fallers and non-fallers for descriptive variables, performance-based tests, and phys-
ical activity parameters

Variable Fallers (n = 28) Non-fallers (n = 49) p value

Descriptive variables
Age, years 82.0 ± 7.1 81.8 ± 5.9 0.836
Male, % 21.4 34.7 0.221
MMSE, score 22.0 ± 3.4 22.1 ± 3.1 0.919
Barthel Activities of Daily Living, score 81.6 ± 16.4 83.2 ± 12.9 0.991
Falls Efficacy Scale-International, score 26.3 ± 8.6 27.0 ± 8.7 0.815
Cornell Scale for Depression, score 7.0 ± 4.7 5.3 ± 4.4 0.069
Cumulative Illness Rating Scale, score 24.0 ± 3.6 24.2 ± 3.4 0.682
Previous fall (last year), % 75.0 42.9 0.006*
Living situation, %

Community-dwelling 85.7 89.8 0.592
Institutionalized 14.3 10.2

Performance-based tests
TUG, s 13.3 ± 5.9 14.3 ± 5.4 0.236
Performance-Oriented Mobility Assessment, score 21.0 ± 4.3 21.0 ± 4.7 0.928
5-Chair stand, s 15.9 ± 6.9 15.2 ± 4.0 0.553

Physical activity parameters
Walking

Walking during 24 h, % 4.1 ± 3.1 4.9 ± 2.8 0.117
Walking bout average duration, s 10.7 ± 2.3 13.5 ± 5.2 0.008*
Longest walking bout duration, s 89.9 ± 100.2 200.5 ± 281.7 0.009*
Walking bout duration variability, CV, % 87.1 ± 35.5 126.5 ± 80.1 0.027*

Standing
Standing during 24 h, % 14.0 ± 7.9 12.0 ± 6.1 0.403
Standing bout average duration, s 51.1 ± 30.4 40.8 ± 11.9 0.050*

Sitting
Sitting during 24 h, % 38.8 ± 14.4 39.5 ± 10.5 0.857
Sitting bout average duration, s 583.7 ± 309.6 618.4 ± 314.8 0.703

Lying
Lying during 24 h, % 43.1 ± 10.2 43.7 ± 10.8 0.983

 CV = Coefficient of variation. * p ≤ 0.05.
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  Fig. 1.  Sensor-derived PA parameters re-
lated to walking ( a–c ) and standing ( d ) dis-
criminated between fallers and non-fallers 
with dementia (mean ± standard error). 

 Table 2.  Results of univariate logistic regression

Variable R2 OR 95% CI p value

Age (years) 0.000 1.003 0.931 – 1.081 0.931
Male (%) 0.027 0.513 0.175 – 1.508 0.225
MMSE (score) 0.001 0.981 0.849 – 1.133 0.793
Barthel Activities of Daily Living (score) 0.004 0.992 0.960 – 1.025 0.620
Falls Efficacy Scale-International (score) 0.002 0.991 0.939 – 1.047 0.758
Cornell Scale for Depression (score) 0.045 1.087 0.979 – 1.206 0.117
Cumulative Illness Rating Scale (score) 0.001 0.983 0.860 – 1.123 0.800
Previous fall (last year) (%) 0.130 4.000 1.434 – 11.155 0.008*
TUG (s) 0.011 0.966 0.883 – 1.056 0.442
Performance-Oriented Mobility Assessment (score) 0.000 1.002 0.904 – 1.111 0.966
5-Chair stand (s) 0.005 1.023 0.937 – 1.118 0.612
Walking during 24 h (%) 0.024 0.905 0.762 – 1.075 0.255
Walking bout average duration (s) 0.156 0.792 0.662 – 0.949 0.011*
Longest walking bout duration (s) 0.112 0.995 0.991 – 1.000 0.041*
Walking bout duration variability (CV, %) 0.129 0.987 0.975 – 0.998 0.022*
Standing during 24 h (%) 0.220 1.044 0.975 – 1.119 0.220
Standing bout average duration (s) 0.077 1.027 0.997 – 1.058 0.076
Sitting during 24 h (%) 0.001 0.994 0.952 – 1.038 0.798
Sitting bout average duration (s) 0.004 1.000 0.998 – 1.001 0.637
Lying during 24 h (%) 0.001 0.995 0.952 – 1.040 0.831

 CV = Coefficient of variation. * p ≤ 0.05
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next 3 months: ‘previous faller’, ‘walking bouts average 
duration’, ‘longest walking bout duration’, and ‘walking 
bout duration variability’ ( table 2 ). The best-fit model was 
found for ‘walking bout average duration’ (R 2  = 0.156).

  Two variables, ‘previous faller’ (adjusted OR 4.44; 95% 
CI 1.51–13.09; p = 0.007) and ‘walking bout average dura-

tion’ (adjusted OR 0.79; 95% CI 0.66–0.95; p = 0.012) re-
mained in the multivariate model (R 2  = 0.276) suggesting 
that these two variables are independent predictors. We 
checked the multivariate logistic regression analysis using 
the ‘methods = enter’ methodology and the results were 
similar, with no other variable having an independent sig-
nificant effect in predicting fallers.

  Four models for prospective fall prediction were cal-
culated. Model 1 using ‘previous faller’, Model 2 using 
‘walking bout average duration’, and Model 3 using a 
combination of ‘previous faller’ and ‘walking bout aver-
age duration’. Model 4 uses the TUG for comparing re-
sults of performance-based tests with the sensor-based 
fall risk assessment. The ROCs for the four models are 
displayed in  figure 2 .

  The AUC for Model 1 (‘previous fallers’) was 0.661 
(95% CI 0.535–0.786; p = 0.020) with a sensitivity of 
75.0% and specificity 57.1% for predicting future falls.

  The AUC for Model 2 (‘walking bout average dura-
tion’) was 0.684 (95% CI 0.564–0.803; p = 0.008). The 
sensitivities and specificities for different cutoff values 
for Model 2 are displayed in  table 3 . A cutoff of 15 s gives 
93% sensitivity, but low specificity (33%). A cutoff of 8 s 
gives 93% specificity but the sensitivity is considerably 
reduced (14.3%). The OR for predicting fallers ranged 
between 1.96 and 6.30 depending on the cutoff value ( ta-
ble 3 ).

  The highest AUC (0.771; 95% CI 0.664–0.878; p  ≤  
0.001) was obtained by Model 3 combining ‘previous fall-
er’ and ‘walking bout average duration’.

  Using a cutoff value for ‘walking bout average dura-
tion’ <15 s combined with a previous history of falls, the 
sensitivity was 71.5% and the specificity 75.5%. The OR 
for experiencing a fall in the following 3 month was 7.71 
(95% CI 2.71–21.96; p < 0.001).

  The lowest AUC (0.582; 95% CI 0.447–0.716; p = 
0.236) was obtained for Model 4 using the TUG.

  Discussion 

 This study evaluated the discriminative and predictive 
validity of sensor-derived PA parameters for identifying 
future falls in people with confirmed mild to moderate 
dementia. Present results suggest that traditional perfor-
mance-based tests are insensitive predictors of fall risk, 
whereas PA parameters related to walking and standing 
are useful fall risk indicators. To our knowledge, this is 
the first study which used objective PA monitoring for 
predicting falls in people with dementia. Our findings 
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 Table 3.  Sensitivities, specificities, OR of different cutoffs for the 
‘walking bout average duration’

Cutoffs,
s

Sensitivity,
%

Specificity,
%

OR (95% CI) p value

8 14.3 93.3 2.56 (0.53 – 12.36) 0.243
9 21.4 87.8 1.96 (0.56 – 6.77) 0.291

10 39.3 81.6 2.88 (1.01 – 8.20) 0.048
11 60.7 61.2 2.44 (0.94 – 6.32) 0.066
12 78.6 46.9 3.24 (1.12 – 9.39) 0.030
13 82.1 38.8 2.91 (0.95 – 8.97) 0.062
14 89.3 32.7 4.04 (1.06 – 15.4) 0.041
15 92.9 32.7 6.30 (1.33 – 29.91) 0.020
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suggest that analysis of everyday motions using wearable 
sensors can enhance accuracy of traditional fall risk as-
sessment in high-risk populations such as people with de-
mentia.

  Validity of Variables to Discriminate between Fallers 
and Non-Fallers 
 None of the demographic data, performance-based 

tests, and questionnaires, except ‘previous fallers’, dis-
criminated between future fallers and non-fallers. Our 
findings confirm results of a previous study in people 
with dementia in which only previous falls but not per-
formance-based tests and demographic data did predict 
future falls (4-month follow-up period)    [19] . Reliability 
of performance-based tests can be affected by dementia-
associated symptoms such as impaired executive func-
tion, memory, and attention  [20] , which may explain in-
sufficient validity of these measures for predicting falls. 
But even in cognitively intact older adults, performance-
based tests such as TUG may have only poor to moderate 
accuracy for predicting future falls as highlighted in a re-
cent systematic review  [41] .

  Results of this study demonstrate that fallers and non-
fallers differ in PA pattern. On the same note, the present 
results suggest that measuring the overall daily walking 
time is not an accurate parameter for discriminating be-
tween fallers and non-fallers. In contrast, specific walking 
characteristics such as the duration of walking bouts were 
found to be sensitive discriminators. Interestingly, some 
PA characteristics were protective (long walking bouts) 
whereas others increased risk of falling (long standing 
bouts). The longest bout walked during the 24-hour mea-
surement was only half as long in fallers compared to 
non-fallers and a sensitive discriminator. On average, du-
ration of walking bouts was significantly shorter in fallers 
compared to non-fallers.

  PA behavior is affected by personal, social, and envi-
ronmental factors  [42] . We can only speculate about the 
factors accounting for the differences in PA characteris-
tics between both groups. Differences were not related to 
sociodemographics or clinical status. Importantly, func-
tional performances as quantified by the tests used in this 
study did not explain the differences in walking charac-
teristics. A poor relationship between functional perfor-
mances and PA level in older adults has been reported 
previously  [43] .

  Our findings suggest that fallers had a more interrupt-
ed walking pattern, with short walking bouts rather than 
continuously long walking bouts. Results could indicate 
less direct and more inefficient travel pattern in fallers, 

potentially related to disorientation or wandering behav-
ior (i.e. random travel and pacing) as described in previ-
ous studies  [44] . Also, dementia-associated dual-task def-
icits (i.e. limited ability to walk with a concurrent task 
 [45] ) may have accounted for shorter walking bouts 
found in fallers.

  The lack of long walking bouts in the daily activity 
profile of fallers may also indicate limited outdoor walk-
ing. Fallers may have walked predominately in indoor 
spaces as indicated by shorter walking bouts. Results may 
suggest that more fallers were housebound when com-
pared to non-fallers, potentially due to environmental 
barriers (i.e. inability to climb stairs) or lack of support 
for outdoor or longer range activities by a caregiver/rela-
tive. Being housebound and >75 years of age has been 
previously identified as a risk factor of falling indoors 
 [46] .

  The shorter walking bouts found in fallers in the pres-
ent study could be related to previous falls. Future fallers 
had significantly more previous falls, as found in previous 
studies in people with dementia  [9, 19] . In the present 
study, previous falls may have caused changes in walking 
characteristics, potentially due to fear of falling. Since we 
did not find any differences in fear of falling between fall-
ers and non-fallers based on self-report (FES-I), our re-
sults may indicate differences in self-report and observed 
functioning (walking) as reported in previous studies 
 [47] .

  The variability in duration of all walking bouts in 24 h 
was significantly higher in non-fallers compared to fallers 
and was identified as a sensitive discriminative parame-
ter. The increased variability indicates that non-fallers 
had a more diverse PA pattern including both short and 
long walking bouts over the course of the day. A diversity 
of activities has been previously described as protective 
against falls  [46] .

  Interestingly, fallers had significantly longer standing 
bouts compared to non-fallers. As per algorithm, stand-
ing includes phases of standing as well as walking less 
than 3 steps. Walking a few steps and standing again 
could indicate fidgety, restlessness and agitation as com-
mon dementia-associated behavioral symptoms, which 
have been linked to increased fall risk  [8] . Subtle demen-
tia-associated impairments in postural control  [48] , not 
detected by the performance-based test, may explain in-
creased fall risk during phases of prolonged standing and 
fidgeting as obtained in the present study. Our results 
may indicate that such fall risk-related activity behavior 
could be quantified in an everyday environment using 
wearable sensors.
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  For individuals who are already fall-prone, increased 
activity may result in a greater risk of falling due to in-
creased exposure to environmental hazards  [49] . If walk-
ing is considered as the ‘exposure’ to fall risk in our 
study, results may indicate that fallers had less exposure 
and yet they still fell more. This may suggest that spe-
cific PA pattern such as short walking bouts or pro-
longed phases of standing are more sensitive indicators 
of fall risk, compared to estimating exposure by overall 
time of walking.

  Predictor Variables for Falls 
 The results of the regression analysis suggest that, out 

of the various PA variables examined, the ‘walking bout 
average duration’ performed the best in predicting falls in 
older adults with dementia. Each second of shorter ‘walk-
ing bout average duration’ was associated with a 26% in-
creased chance of becoming a faller. Someone with a 
‘walking bout average duration’ >15 s is very unlikely to 
fall. Someone with a ‘walking bout average duration’ 
<15 s had a 6.3 times increased fall chance compared to 
someone above this threshold. Using this cutoff, the sen-
sitivity is 93%; however, the specificity is only 33%, imply-
ing that it will predict most of the future falls, but will 
falsely predict falls in 77% of non-fallers. Thus, while this 
variable is not a stand-alone candidate for fall prediction, 
it could add precision to a fall index.

  Combining the independent predictors ‘walking bout 
average duration’ and ‘previous faller’ improved fall pre-
diction to a clinically useful level. A ‘walking bout average 
duration’ <15 s combined with a previous history of falls 
gave a sensitivity of 72% and a specificity of 76%. Inter-
vening on these individuals would represent reasonable 
targeting as only 24% of people measured at high risk 
would not have subsequently fallen.

  Only a few studies sought to prospectively predict falls 
using wearable sensors  [23, 24] . Marschollek et al.  [24]  
followed up 50 geriatric patients for 1 year after instru-
mented TUG and gait assessment. In that study, an AUC 
of 0.65 was reported based on accelerometer-derived pa-
rameters classified using logistic regression  [24] , which is 
comparable with our fall prediction Model 2 using sensor 
data only (‘walking bout average duration’, AUC 0.68). 
Interestingly, in the study of Marschollek et al., predictive 
performance was increased when accelerometer data 
were combined with PA questionnaire data (AUC 0.72), 
whereas a high activity level was associated with low fall 
risk. Predictive validity of this combined model is com-
parable with our Model 3 combining sensor data and 
questionnaire data (‘previous faller’) (AUC 0.77).

  Greene et al.  [23]  reported a good validity (AUC 0.78) 
of instrumented TUG assessment for predicting future 
falls (2 years’ follow-up) in community-dwelling older 
adults without cognitive impairment. Future studies need 
to investigate if similar results can be achieved in people 
with dementia.

  In the present study, univariate analysis showed that 
some of the other PA variables (‘longest walking bout du-
ration’, ‘walking bout duration variability’) also had value 
in predicting falls, although they were inferior to the 
‘walking bout average duration’. The ‘walking bout aver-
age duration’ includes elements of the other PA param-
eters studied. Someone walking long distances over the 
course of the day increases the ‘walking bout average du-
ration’ while walking both short distances and long dis-
tances increases the ‘walking bout duration variability’. A 
high degree of correlation and co-linearity therefore 
would be expected between these PA parameters, which 
is why on multivariable analysis, the other PA were no 
longer independent predictors.

  Limitations and Future Directions 
 One obvious limitation of this study is the small sam-

ple size. However, we feel that this limitation does not 
invalidate our findings, given that the main aim of the 
study was to explore the association between PA pattern 
and future falling. Our proposed models must be vali-
dated in a larger sample size to evaluate their true predic-
tive potential.

  The battery life of the activity monitor used in the 
present study restricted the monitoring period to 24 h. 
This assessment period did not cover day-to-day vari-
ability in PA, although PA behavior in older adults is less 
variable than in younger populations  [50]  and day-to-
day reliability of PA assessment was high in a sample of 
older adults (>60 years)  [50] . The 24-hour monitoring in 
our study may therefore have been sufficient to docu-
ment habitual PA because of low day-to-day variability. 
However, further research should address whether a lon-
ger period of monitoring increases the accuracy of fall 
prediction.

Increased standing bout duration was identified as a 
fall risk factor in the present study. As a limitation, the 
algorithm used in this study cannot discriminate be-
tween phases of quiet standing and walking very short 
bouts (<3 steps). Further algorithm development could 
separate these phases to better understand their associa-
tion with fall risk.

  While we have identified novel objective fall-associat-
ed PA parameters, further studies are required to eluci-
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date their biopsychosocial interpretation in the context of 
fall risk assessment. Dementia-specific behavioral symp-
toms such as wandering or agitation should be assessed 
by standardized instruments  [51, 52]  for examining their 
association with the fall risk-related PA pattern found in 
this study. More accurate assessments including spatio-
temporal gait analysis  [25]  and dual-task assessment  [45]  
should be used for measuring dementia-specific motor-
cognitive deficits, potentially accounting for the fall risk-
related PA pattern found in this study (i.e. short walking 
bouts). Further, the association between fall risk-related 
PA behavior and environmental barriers in the home and 
immediate outdoor environment need to be quantified in 
future studies, for instance by using the Housing Enabler 
instrument  [53] .

  In our study, accuracy of the reported level of fear of 
falling (FES-I) may have been influenced by difficulty in 
comprehending questions or reporting on subjective 
states, as discussed previously  [54] . Future studies may 
use the Iconographical Falls Efficacy Scale using pictures 
as visual cues, which has previously been validated in the 
cognitively impaired  [54] .

    We observed a high rate of falling (36.4% of subjects) 
during a relatively brief follow-up (3 months). Future 
studies should investigate whether non-fallers as identi-
fied by the presented short-term fall prediction approach 
become fallers during a longer follow-up period.

  Conclusion 

 We found that the combination of PA monitoring and 
fall history has the potential to provide a clinically mean-
ingful surveillance of people with dementia at high risk of 
falling. This information could be used to provide tar-
geted fall prevention interventions. Present findings may 
help to design mHealth technologies using monitoring of 
everyday activities for the purpose of fall risk assessment 
in people with dementia.
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