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Abstract
Background: Fall-related psychological concerns are com-
mon among older adults, potentially contributing to func-
tional decline as well as to restriction of activities and social 
participation. To effectively prevent such negative conse-
quences, it is important to understand how even very low 
concern about falling could affect physical activity behavior 
in everyday life. We hypothesized that concern about falling 
is associated with a reduction in diversity, dynamics, and per-
formance of daily activities, and that these features can be 
comprehensively quantified in terms of complexity of phys-
ical activity patterns. Methods: A sample of 40 community-
dwelling older adults were assessed for concern about fall-
ing using the Falls Efficacy Scale-International (FES-I). Free-
living physical activity was assessed using a set of metrics 
derived from data recorded with a chest-worn tri-axial accel-
erometer. The devised metrics characterized physical activ-
ity behavior in terms of endurance (total locomotion time, 
longest locomotion period, usual walking cadence), perfor-

mance (cadence of longest locomotion period, locomotion 
periods with at least 30 steps and 100 steps/min), and com-
plexity of physical activity patterns. Complexity was quanti-
fied according to variations in type, intensity, and duration 
of activities, and was considered as an adaptive response to 
environmental exigencies over the course of the day. Re-
sults: Based on FES-I score, participants were classified into 
two groups: not concerned at all/fully confident (n = 25) and 
concerned/less confident (n = 15). Demographic and health-
related variables did not differ significantly between groups. 
Comparison of physical activity behavior indicated no sig-
nificant differences for endurance-related metrics. In con-
trast, performance and complexity metrics were significant-
ly lower in the less confident group compared to the fully 
confident group. Among all metrics, complexity of physical 
activity patterns appeared as the most discriminative feature 
between fully confident and less confident participants (p = 
0.001, non-parametric Cliff’s delta effect size = 0.63). Conclu-
sions: These results extend our understanding of the inter-
play between low concern about falling and physical activity 
behavior of community-dwelling older persons in their ev-
eryday life context. This information could serve to better 
design and evaluate personalized intervention programs in 
future prospective studies. © 2018 The Author(s) 
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Introduction

Fall-related psychological concerns are common 
among older adults, regardless of their health status [1]. 
People concerned about falling may restrict their mobil-
ity and their daily activities [2], thus increasing their like-
lihood to suffer from adverse consequences such as func-
tional decline, increased risk of falling, restriction of so-
cial participation, and decreased quality of life [3]. Even 
among well-functioning older adults, the negative im-
pact of concern about falling may be significant. For in-
stance, previous work has shown that an increased level 
of concern about falling (assessed with Fall Efficacy 
Scale-International, FES-I) in robust community-dwell-
ing older persons was associated with reduced mobility 
performance of similar magnitude than observed in the 
presence of a frailty criterion [4]. Therefore, the concern 
about falling and potential consecutive activity restric-
tions should be addressed early on to prevent these un-
desirable consequences [5]. Implementation of effective 
interventions in well-functioning older adults depends 
however on the capacity of the assessment tools to iden-
tify the dimensions of physical activity (PA) behavior 
that are mostly affected by concern about falling. 

Activity monitors based on miniaturized body-worn 
motion sensors and data processing algorithms can be 
used to characterize objectively several aspects of daily-
life PA. These aspects include PA type (e.g., sedentary, 
locomotion), intensity (e.g., body acceleration, walking 
cadence), duration (e.g., distribution of locomotion pe-
riods), frequency (rate of change of body movements and 
activities), and patterns, defined as the temporal se-
quence of movements and body postures that occur 
when individuals engage in daily life activities [6]. Some 
of the relevant features of free-living PA patterns are 
their diversity and dynamics that emerge from the mo-
ment-to-moment variations in body movements, pos-
tures, and underlying activities. Conceptualized in terms 
of complexity, these features may reflect the ability of the 
person to timely respond to task/environmental de-
mands and to adapt to internal states [6, 7]. Over the last 
two decades, age-related functional deficits have been in-
creasingly interpreted within the context of a “low com-
plexity” hypothesis [8]. Indeed, decreased complexity 
has been described for the gait pattern [9, 10], the trajec-
tory of body sway during quiet standing [11], as well as 
for the patterns of walking and PA behavior in free-living 
conditions [12, 13]. This decreased complexity in the 
output of the locomotor system has been postulated to 
arise from the degradation in the interactions between 

various systems such as, for example, the musculoskele-
tal, proprioceptive, and psycho-cognitive [7, 8, 10, 11]. 
The concern about falling and the perceived fall risk are 
controlled by psycho-cognitive processes that mediate 
the individual’s confidence and behavior to carry out 
specific activities, particularly in challenging conditions 
[14, 15]. This implies an inverse relationship between the 
level of concern and activity function, as well as activity 
performance [16]. The current evidence comes essential-
ly from studies that used measures of walking perfor-
mance in clinical/laboratory settings [14, 15], and the 
collected self-reported information about the level of 
mobility and activities of daily living rather than objec-
tive measures [17]. There is a lack of knowledge regard-
ing the association between very low concern about fall-
ing and objective features of PA behavior recorded in 
daily life settings among well-functioning community-
dwelling older people. 

Considering PA as a multidimensional, quantifiable 
construct, the purpose of the present study was to: (a) 
monitor daily-life PA in a sample of well-functioning 
community-dwelling older adults using a single chest-
fixed motion sensor; (b) devise a set of meaningful PA 
metrics; (c) investigate the association between levels of 
concern about falling and PA metrics. The hypothesis 
was that a decreased complexity of PA patterns assessed 
over prolonged periods will be associated with a higher 
level of concern. In particular, we hypothesized that 
within a sample of well-functioning older adults, the sub-
tle differences in PA behavior related to the presence of 
concern about falling during challenging activities inside 
and outside the home [16] will be better captured with 
metrics quantifying the complexity of PA patterns than 
with usual metrics such as the total time spent walking 
[13].

Method

Participants 
Study participants were community-dwelling older adults (n = 

40) who were (eligibility criteria): aged 65 years and over; indepen-
dent in all basic activities of daily living; able to walk more than  
1 km (0.6 mi) with or without assistive devices. In addition, all sub-
jects were assessed for frailty condition using Fried’s phenotype 
criteria (i.e., self-reported low physical activity, slowness, weak-
ness, self-perceived exhaustion, and unintentional weight loss 
[18]), and only those categorized as non-frail (score 0) or pre-frail 
(score 1–2) were included. Exclusion criteria included the pres-
ence of frailty condition, cognitive impairments and living in a 
nursing home. The study was approved by the local ethics commit-
tee, and written consent was obtained from all participants.
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Measurements
Demographics, Health, and Functional Mobility Variables 
Demographic data included age, gender, body weight, height, 

and living situation. Self-perceived health status was categorized 
as very good/good, fair, and poor/very poor. Additional variables 
were the presence of comorbidities (yes/no), the use of walking 
aids (yes/no), and the presence of self-evaluated depressive symp-
toms (yes/no). The number of falls in the previous year was re-
corded, and participants were categorized as fallers if they had one 
or more falls over the last 12 months. The level of concern about 
falling was measured using the FES-I [16]. FES-I includes ques-
tions about a person’s confidence in his or her ability not to fall 
when performing various daily activities inside and outside the 
home. For easier interpretation, the FES-I score was reversed and 
standardized (rsFES-I) in order to provide a score ranging from 0 
to 100, with higher scores indicating higher confidence (no con-
cern). For statistical analyses, the rsFES-I scale was dichotomized 
as fully confident/not concerned at all (rsFES-I = 100) and less 
confident/concerned (rsFES-I < 100) [4]. Participants’ functional 
mobility status was assessed using the timed up-and-go test (TUG).

Free-Living PA Assessment
Spontaneous PA was monitored in the usual environment of 

each participant over 2 consecutive days, using a wearable device 
including tri-axial accelerometer, electronics for data acquisition, 
memory, and rechargeable batteries (Physilog®; Gait Up, Lau-
sanne, Switzerland). A harness with elastic straps was used to at-
tach the device at mid-sternum level. After recording, the raw data 
were processed to classify the type of PA as periods of locomotion 
(i.e., minimum three steps of walking/running) and non-locomo-
tion (including lying, sitting, standing). Locomotion periods were 

characterized by their duration, number of steps, and cadence. 
Steps were associated to heel-strike events, identified from the 
trunk vertical acceleration signal [19, 20]. During non-locomotion 
periods, PA was characterized according to intensity of trunk 
movements as very low, low, moderate, high, and very high, using 
cut-off thresholds for the dynamic acceleration component (grav-
ity subtracted acceleration norm, see online suppl. material; see 
www.karger.com/doi/10.1159/000490310 for all online suppl. ma-
terial). These basic parameters reflecting the type, duration, and 
intensity of PA were used in further analysis to: (a) devise a set of 
metrics to quantify aspects of endurance and performance in the 
context of free-living activity; (b) define patterns of PA and quan-
tify the underlying behavioral features in terms of complexity met-
rics. 

Endurance was represented by the amount of time spent in lo-
comotion (as % from daily monitoring time), the longest continu-
ous locomotion period (in steps), and the most frequent/usual ca-
dence estimated as the mode of cadence distribution for all de-
tected locomotion periods (in steps/min).

Performance was characterized by the cadence of the longest 
locomotion period, and the number of locomotion bouts longer 
than 30 steps with cadence equal or superior to 100 steps/min, that 
may correspond to outdoor purposeful activity [21–23] (expressed 
as % of the total number of locomotion bouts). 

The definition of temporal PA patterns is intended to illustrate 
and quantify the individual’s physical behavior over the course of 
the day [6, 12, 13, 24]. Based on the methodology developed in [6], 
refined and adapted to single-sensor configuration, a comprehen-
sive representation was obtained by combining the parameters re-
lated to the type, duration, and intensity into multivariate PA 
states, as described in Figure 1a. The possible range of values 
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Fig. 1. Assessment of daily physical activity (PA) as a multidimen-
sional construct characterized by type, duration, intensity, and pat-
tern. a The fine-grained characterization of PA behavior is obtained 
by partitioning the possible range of values spanned by each param-
eter into several intervals, and then by combining parameters across 

the defined intervals to define 25 multivariate PA states (see Supple-
mentary material for additional information). b The PA pattern rep-
resented as the temporal sequence of states over the course of the 
day; the color-based visualization provides a quick overview of the 
subject’s PA behavior during the monitoring period. 
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spanned by each parameter was partitioned into several intervals, 
and combinations across intervals were related to 25 PA states. The 
fine-grained PA states corresponded to different levels of move-
ment intensity during non-locomotion, classified according to the 
values of dynamic component of trunk acceleration, and to differ-
ent locomotion intensity categorized according to the duration 
and cadence of each detected period [22, 25–27] (see online suppl. 
material for detailed description). Each state was assigned a num-
ber/color (e.g., non-locomotion with moderate trunk acceleration 
corresponds to state “3” and a cold color, whereas long locomotion 
periods at moderate cadence correspond to state “23” and a warm 
color).

By classifying on a second-to-second basis the recorded raw 
acceleration data into the defined states, PA pattern emerges as the 
temporal sequence of various states; this sequence can be visual-
ized as a color barcode (Fig. 1b), and can be represented as a nu-
merical sequence for subsequent complexity analysis. The com-
plexity attribute, postulated to arise from diversity of states and 
dynamics of change between states, was quantified with measures 
derived from Lempel-Ziv complexity (LZC) theory [6, 28]. Basi-
cally, LZC determines the number of distinct temporal subse-
quences of PA states, as well as the rate of their recurrence, with 
larger values indicating higher complexity of the given PA pattern 
[6]. Analysis included the classical LZC and an improved version 
named permutation LZC (PLZC), devised to increase performanc-
es of LZC in terms of sensitivity for complexity assessment and 
robustness to possible signal artefacts [29]. 

Endurance, performance, and complexity metrics were esti-
mated from data recorded on each day and average values over the 
2 days were reported for statistical comparisons. 

Statistical Analysis
Subject characteristics were summarized descriptively using 

means and standard deviations. Fully confident (not concerned 
about fall) and less confident (concerned) participants were com-
pared in terms of demographics, clinical, functional, and daily PA 
measures using the Wilcoxon-Mann-Whitney rank test for con-
tinuous variables, and the Fisher’s exact test for categorical vari-
ables. The effect size or the magnitude of difference was estimated 

using the non-parametric Cliff’s delta measure [30]. All possible 
values of Cliff’s delta measures are in the closed interval (–1, +1). 
An effect size of +1.0 or –1.0 indicates the absence of overlap be-
tween the two groups, whereas a value equal to zero indicates that 
group distributions overlap completely.

Correlations between parameters were quantified using Spear-
man rank-correlation test. Statistical significance was set at p < 
0.05. The whole analysis was performed using MATLAB comput-
ing software (vR2013a, MathWorks, Natick, MA, USA).

Results

Subject Characteristics
Descriptive statistics of participants including demo-

graphics, health, and functional variables are presented 
in Table 1. The sample (n = 40) ranged in age from 65 to 
86 years, 26 were women, 13 had BMI > 25 (categorized 
as overweight), 16 were living alone, 36 reported good 
or very good health, 31 had at least one comorbidity, 5 
reported some depressive symptoms, and only 1 partic-
ipant used a walking aid. According to Fried’s pheno-
type criteria, 23 participants were classified as non-frail 
and 17 as pre-frail (15 with one and 2 with two Fried’s 
criteria). Eleven participants reported one or more falls 
in the previous year (3 reported two or more falls). How-
ever, the TUG score (in seconds) indicated good func-
tional mobility (mean ± SD: 10.5 ± 2.4) according to the 
age-related normative values described in the literature 
[31].

The FES-I score was highly skewed: for 25 subjects rs-
FES-I = 100 (fully confident group), and for 15 subjects 
rsFES-I was between 95 and 99 (mean ± SD: 96.5 ± 1.2) 
(less confident group). 

Table 1. Sociodemographics, health, and mobility-related characteristics of study participants and their com-
parisons across levels of concern about falling

Characteristics All
(n = 40)

Fully confident 
(n = 25)

Less confident 
(n = 15)

p value

Age, years 74±6 72±4 75±6 0.200
Gender (female), n 26 15 11 0.300
BMI 25±4 24±4 26±3 0.100
Living condition (alone), n 16 9 7 0.370
Very good/good self-assessed health, n 36 21 15 0.500
Comorbidities (yes = 1, no = 0), n 31 19 12 0.920
Depression (yes = 1, no = 0), n 5 2 3 0.310
Walking aids (yes = 1, no = 0), n 1 0 1 0.900
Pre-frail (yes = 1, no = 0), n 17 8 9 0.300
Faller (yes = 1, no = 0), n 11 5 6 0.350
TUG, s 10.5±2.4 9.5±1.5 12.2±2.8 0.001
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Comparison between Groups: Fully Confident versus 
Less Confident
Demographics, Health, and Functional Mobility 
Variables 
No significant difference was observed in age, gender, 

body mass index (BMI), living condition, self-assessed 
health status, the presence of comorbidities, depressive 
symptoms, pre-frail condition, and previous fall experi-
ence (Table 1). However, TUG score was significantly in-
creased in the less confident group as compared to the 
fully confident group, indicating an association of the de-
crease in functional mobility and the mere presence of 
concern about falling. 

Free-Living PA Measures
A first insight about potential differences in daily PA 

behavior between fully confident and less confident par-
ticipants was obtained from the distribution plots illus-
trated in Figure 2a–d. Although the shape of distribution 
appeared similar, some differences were noticeable in the 
tail (i.e., how much probability is distributed over the 
largest values) and location (i.e., typical or central values 
such as mean/median/mode) parameters. For instance, 
the dynamic component of trunk acceleration (Fig. 2a), 
estimated as the mean value in consecutive time windows 
of 1-s length, showed an asymmetric distribution, with 
highest probabilities corresponding to very low/low 
movement intensity (right/positive skewed). The dura-
tion of locomotion periods also had a distribution skewed 
to the right, with high probabilities for very short/short 
durations and low probabilities for long duration of peri-
ods (Fig. 2b). In contrast, cadence displayed a normal dis-
tribution with peaks around 100 steps/min (Fig.  2c), a 
value corresponding to moderate PA intensity according 
to several studies [27, 32, 33]. The distribution of cadence 
by duration of locomotion periods (Fig. 2d) indicated a 
higher prevalence of locomotion periods combining long 
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Fig. 2. Distribution plot of PA parameters in fully confident (rs-
FES-I score = 100, blue color) and less confident (rsFES-I score < 

100, brown color) participants. a Dynamic component of trunk 
acceleration norm (in gravity units, g) (see Supplementary mate-
rial) estimated as mean values in consecutive 1 second epoch 
length. b Duration of locomotion periods (in seconds). c Cadence 
of locomotion periods (in steps/min). d Bivariate distribution plot 
showing the duration of locomotion periods by their cadence. The 
height of each bar (probability) is the relative number of observa-
tions (i.e., the number of observations in bin divided by the total 
number of observations). a, b Graphs contain a zoomed-up inset 
plot to improve visibility of the long right tail of distribution.



Paraschiv-Ionescu et al.Gerontology6
DOI: 10.1159/000490310

duration and high cadence in the fully confident than in 
the less confident participants. 

Endurance and Performance Metrics. As shown in Ta-
ble 2, fully confident and less confident subjects did not 
differ significantly on the endurance metrics, reflected by 
the time spent in locomotion per day, the duration of the 
longest locomotion period, and the usual locomotion ca-
dence. However, the performance metrics represented by 
the cadence of longest locomotion period and the num-
ber of bouts with at least 30 steps at a cadence of 100 steps/
min or more, were significantly lower in less confident 
compared to fully confident participants. 

Complexity of PA Pattern. The complexity measures 
used to comprehensively characterize PA patterns in dai-
ly life were significantly lower in the less confident par-
ticipants. Among all the metrics compared in Table 2, 
complexity measures appeared the most discriminative 
between fully confident and less confident participants, 
as indicated by their larger effect size (see also online sup-
pl. Fig. 1S).

Correlations between Variables
Weak to moderate significant correlations were ob-

served between the rsFES-I score and the TUG (r = –0.50, 
p < 0.001), the cadence of longest locomotion period (r = 
0.33, p = 0.030), the number of locomotion periods with 
at least 30 steps and 100 steps/min (r = 0.4, p = 0.008), and 
both measures of complexity of PA patterns (r = 0.46, p < 
0.002 and r = 0.52, p < 0.001 for LZC and PLZC, respec-
tively).

Similarly, the TUG score appeared correlated with 
some of PA metrics, i.e. the usual locomotion cadence  

(r = –0.38, p = 0.010), the number of locomotion periods 
with at least 30 steps and 100 steps/min (r = –0.50, p = 
0.001), and PA complexity (PLZC metric, p = –0.35, p = 
0.040). These weak to moderate correlations are in line 
with accumulated evidence suggesting that functional 
mobility assessed in the lab/clinic does not entirely reflect 
an individual’s functioning in everyday life [34, 35].

Discussion

This study demonstrates that data collected with a sin-
gle accelerometer-based device attached to the trunk and 
appropriate analysis tools can provide a set of meaningful 
metrics related to various dimensions of daily PA behav-
ior in older persons, such as endurance, performance, and 
complexity of the temporal patterns. This contribution is 
especially important at a time when unobtrusive wearable 
devices allow the long-term monitoring of PA in real-life 
conditions. The resulting large amount of recorded raw 
data makes it of utmost importance to enhance its inter-
pretation and clinical applicability by providing a more 
accurate and integrated picture of a person’s PA behavior. 
The current understanding of PA as a multidimensional 
construct implies that data analysis tools should provide 
at the same time a detailed characterization of each of the 
various dimensions as well as a more integrative represen-
tation. The methodology and results presented here indi-
cate that these aims can be achieved successfully through 
the development of several specific descriptive metrics.

The main contribution of the presented study is to ex-
tend our understanding of the interplay between low con-

Table 2. Physical activity metrics of study participants and their comparisons across levels of concern about falling

All
(n = 40)

Fully 
confident 
(n = 25)

Less 
confident 
(n = 15)

p value Effect 
size

Endurance
Time spent in locomotion, % 14.6±7.1 14.8±6.5 14.0±8.0 0.700 0.07
Longest locomotion period, steps 860±790 937±903 743±591 0.700 0.07
Usual cadence, mode, steps/min 99±11 100±9 97±8 0.600 0.10

Performance
Cadence of longest locomotion period, steps/min 111±4 115±6 106±14 0.030 0.40
Locomotion periods with at least 30 steps and 100 steps/min, % of total n 64±20 69±20 57±18 0.020 0.42

Complexity
LZC metric 0.26±0.04 0.28±0.04 0.23±0.03 0.003 0.57
PLZC metric 0.22±0.05 0.40±0.07 0.30±0.06 0.001 0.63
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cern about falling and PA behavior of well-functioning 
older persons in their everyday life context. Results show 
that even a very low concern about falling was associated 
with significantly decreased measures of performance 
and complexity of PA patterns, but not endurance. In-
deed, measures devised to comprehensively characterize 
PA behavior using the concept of multivariate pattern 
and complexity, like LZC and PLZC, were those most 
strongly associated with the presence of some concern 
about falling. Furthermore, both measures appear to best 
discriminate between fully confident and less confident 
groups, as suggested by their largest effect size (Table 2). 
These results can be explained by the capacity of com-
plexity metrics to integrate multiple aspects of individu-
als’ physical behavior over the course of the day. Indeed, 
the variety of states defining on a second-to-second basis 
the temporal pattern of PA (Fig. 1) can describe in great 
detail the body movements and activities a person per-
forms in the daily-life context. For example, the five states 
during non-locomotion periods (“1” to “5”), character-
ized by different intensity of trunk acceleration, may cor-
respond to mobility-related tasks such as standing up, 
turning around to sit down, bending/flexion for reaching, 
or turning. For older persons, these are demanding tasks/
movements that challenge their static balance. Similarly, 
the twenty states during locomotion periods (“6” to “25”) 
describe locomotion in different contexts: for instance, 
short bouts at different cadences are more likely to be part 
of various indoor tasks, whereas long periods at higher 
cadence are more likely to correspond to outdoor activity. 
Moreover, some of these multivariate states (“12” to “15,” 
“17” to “20,” and “22” to “25”) are related to locomotion 
performance (i.e., are assigned to locomotion periods 
with at least 30 steps and 100 steps/min). In this context, 
the complexity of the multivariate PA patterns appears as 
an appropriate measure to assess objectively the relation-
ship between concern about falling, as formulated by the 
items of FES-I, and PA behavior in everyday life. 

Overall, this study provides evidence supporting the 
hypothesis that well-functioning older adults without 
concern about falling (i.e. fully confident group) can span 
a wider range of movements/activities and therefore have 
more complex PA patterns (as assessed by LZC/PLZC 
metrics) than those with even very low concern. Although 
these individuals with very low concern about falling may 
be physically active, they might adopt a more cautious 
behavior (e.g., slowing down or avoiding challenging 
body movements and activities) resulting in a paucity of 
variations of PA states and consequently a less complex 
PA pattern. 

From a theoretical standpoint, these results appear in 
line with the concept of physiological and movement 
(gait, postural control, PA patterns) complexity loss with 
ageing-/disease-/fall-related functional decline [6, 8, 10, 
11, 13]. A preliminary study conducted in a sample of 
community-dwelling adults, aged 38–98 years, indicated 
an abrupt decrease in the complexity of PA patterns with 
aging, starting around 75 years [13]. The present study is, 
to our knowledge, the first attempt to quantify and under-
stand changes/decrease in movement complexity with in-
creased levels of concern about falling. Concern about 
falling may result from the interplay between factors that 
cover the entire spectrum of physical, cognitive, psycho-
logical, environmental, and behavioral dimensions [36]. 
Decline in one or more of these multiple factors poten-
tially triggers an imbalance in their delicate interplay that, 
in turn, negatively influences an older person’s participa-
tion in and performance of daily activity, reduces his/her 
capacity to adapt to task demands and environmental 
conditions, and consequently, reduces the complexity 
and dynamics of PA patterns.

The homogeneous sampling of well-functioning study 
participants has led to a ceiling effect for the rsFES-I 
score. The investigation of the relationship between con-
cern about falling and PA behavior in a sample with a 
narrow range of concern is a limitation, and further stud-
ies are necessary to verify the reproducibility on a broad-
er range, and on groups stratified according to the con-
sensus in literature [37]. Nevertheless, the significant de-
crease in PA performance and complexity observed in the 
current study, despite the very low level of concern about 
falling, further strengthen the proposed approach.

Another limitation is the relatively small sample size 
in each group that may have led to underpowered statisti-
cal comparisons. However, despite the modest number of 
participants, the large effect size observed for complexity 
metrics as compared to usual PA metrics such as the time 
spent in locomotion (see illustrative non-overlap between 
groups in online suppl. Fig. 1S) indicates that the results 
obtained are robust and worth to be applied/replicated in 
future studies. The methodology described (see online 
suppl. material) can be applied to acceleration data re-
corded on any location on the trunk segment, e.g. low 
back or waist, which are frequently used for ambulatory 
monitoring in large cohort studies. Analysis of such da-
tasets may allow to better understand the concept of com-
plexity of daily-life PA behavior and its relationship with 
various clinical conditions.
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Conclusion

In this sample of well-functioning community-dwell-
ing older persons, low concern about falling was associ-
ated with decreased performance and complexity of daily 
PA patterns, but not with endurance. These results could 
be informative to design and evaluate improved personal-
ized interventions programs. In fact, since PA endurance 
seems unaffected by very low concern about falling, fur-
ther studies should investigate whether interventions 
specifically tailored to modify PA performance and com-
plexity in daily life have a stronger effect than standard 
exercise programs [38].

Disclosure Statement

The authors declare no conflict of interest.

Funding Sources

The work was partly supported by Swiss National Science 
Foundation (Grant No. 510538/510867) and EU Horizon 2020 
(PreventIT project, Grant No. 689238).

References

 1 Scheffer AC, Schuurmans MJ, Van Dijk N, 
Van Der Hooft T, De Rooij SE: Fear of falling: 
measurement strategy, prevalence, risk fac-
tors and consequences among older persons. 
Age Ageing 2008; 37: 19–24.

 2 Zijlstra G, Van Haastregt J, Van Eijk JTM, 
Van Rossum E, Stalenhoef P, Kempen G: 
Prevalence and correlates of fear of falling, 
and associated avoidance of activity in the 
general population of community-living old-
er people. Age Ageing 2007; 36: 304–309.

 3 Kempen GIJM, Miedema I, Ormel J, Mole-
naar W: The assessment of disability with the 
Groningen Activity Restriction Scale. Con-
ceptual framework and psychometric proper-
ties. Soc Sci Med 1996; 43: 1601–1610.

 4 Seematter-Bagnoud L, Santos-Eggimann B, 
Rochat S, et al: Vulnerability in high-func-
tioning persons aged 65 to 70 years: the im-
portance of the fear factor. Aging Clin Exp 
Res 2010; 22: 212–218.

 5 Büla CJ, Monod S, Hoskovec C, Rochat S: In-
terventions aiming at balance confidence im-
provement in older adults: an updated review. 
Gerontology 2011; 57: 276–286.

 6 Paraschiv-Ionescu A, Perruchoud C, Buchser 
E, Aminian K: Barcoding human physical ac-
tivity to assess chronic pain conditions. PLoS 
One 2012; 7:e32239.

 7 Manor B, Lipsitz LA: Physiologic complexity 
and aging: implications for physical function 
and rehabilitation. Prog Neuropsychophar-
macol Biol Psychiatry 2013; 45: 287–293.

 8 Lipsitz LA: Physiological complexity, aging, 
and the path to frailty. Sci Aging Knowledge 
Environ. 2004; 2004:pe16.

 9 Herman T, Giladi N, Gurevich T, Hausdorff 
J: Gait instability and fractal dynamics of old-
er adults with a “cautious” gait: why do certain 
older adults walk fearfully? Gait Posture 2005; 

21: 178–185.

10 Hausdorff JM: Gait dynamics, fractals and 
falls: finding meaning in the stride-to-stride 
fluctuations of human walking. Hum Mov Sci 
2007; 26: 555–589.

11 Manor B, Costa MD, Hu K, et al: Physiologi-
cal complexity and system adaptability: evi-
dence from postural control dynamics of old-
er adults. J Appl Physiol 2010; 109: 1786–1791.

12 Cavanaugh JT, Kochi N, Stergiou N: Nonlin-
ear analysis of ambulatory activity patterns in 
community-dwelling older adults. J Gerontol 
A Biol Sci Med Sci 2010; 65: 197–203.

13 Paraschiv-Ionescu A, Mellone S, Colpo M, et 
al: Patterns of human activity behavior: from 
data to information and clinical knowledge; 
in Proceedings of the 2016 ACM Internation-
al Joint Conference on Pervasive and Ubiqui-
tous Computing: Adjunct 2016. New York, 
ACM, 2016, pp 841–845.

14 Delbaere K, Sturnieks DL, Crombez G, Lord 
SR: Concern about falls elicits changes in gait 
parameters in conditions of postural threat in 
older people. J Gerontol A Biomed Sci Med 
Sci 2009; 64: 237–242.

15 Brustio PR, Magistro D, Zecca M, Liubicich 
ME, Rabaglietti E: Fear of falling and activities 
of daily living function: mediation effect of 
dual-task ability. Aging Ment Health 2017; 

1–6.
16 Yardley L, Beyer N, Hauer K, Kempen G, Pi-

ot-Ziegler C, Todd C: Development and ini-
tial validation of the Falls Efficacy Scale-Inter-
national (FES-I). Age Ageing 2005; 34: 614–
619.

17 Patil R, Uusi-Rasi K, Kannus P, Karinkanta S, 
Sievänen H: Concern about falling in older 
women with a history of falls: associations 
with health, functional ability, physical activ-
ity and quality of life. Gerontology 2014; 60: 

22–30.

18 Fried LP, Tangen CM, Walston J, et al: Frailty 
in older adults: evidence for a phenotype. J 
Gerontol A Biol Sci Med Sci 2001; 56:M146–
M157.

19 Najafi B, Aminian K, Paraschiv-Ionescu A, 
Loew F, Bula CJ, Robert P: Ambulatory sys-
tem for human motion analysis using a kine-
matic sensor: monitoring of daily physical ac-
tivity in the elderly. IEEE Transact Biomed 
Eng 2003; 50: 711–723.

20 Salarian A, Russmann H, Vingerhoets FJ, 
Burkhard PR, Aminian K: Ambulatory moni-
toring of physical activities in patients with 
Parkinson’s disease. IEEE Transact Biomed 
Eng 2007; 54: 2296–2299.

21 Brown JC, Harhay MO, Harhay MN: Walking 
cadence and mortality among community-
dwelling older adults. J Gen Intern Med 2014; 

29: 1263–1269.
22 Hickey A, Del Din S, Rochester L, Godfrey A: 

Detecting free-living steps and walking bouts: 
validating an algorithm for macro gait analy-
sis. Physiol Meas 2016; 38:N1.

23 Granat M, Clarke C, Holdsworth R, Stansfield 
B, Dall P: Quantifying the cadence of free-liv-
ing walking using event-based analysis. Gait 
Posture 2015; 42: 85–90.

24 Paraschiv-Ionescu A, Buchser E, Aminian K: 
Unraveling dynamics of human physical ac-
tivity patterns in chronic pain conditions. Sci 
Rep 2013; 3: 2019.

25 Hollman JH, McDade EM, Petersen RC: Nor-
mative spatiotemporal gait parameters in old-
er adults. Gait Posture 2011; 34: 111–118.

26 Orendurff MS, Schoen JA, Bernatz GC, Segal 
AD: How humans walk: bout duration, steps 
per bout, and rest duration. J Rehabil Res Dev 
2008; 45: 1077.

27 Oh-Park M, Holtzer R, Xue X, Verghese J: 
Conventional and robust quantitative gait 
norms in community-dwelling older adults. J 
Am Geriatr Soc 2010; 58: 1512–1518.



Concern about Falling and Complexity of 
Daily PA Patterns

9Gerontology
DOI: 10.1159/000490310

28 Aboy M, Hornero R, Abásolo D, Álvarez D: 
Interpretation of the Lempel-Ziv complexity 
measure in the context of biomedical signal 
analysis. IEEE Transact Biomed Eng 2006; 53: 

2282–2288.
29 Bai Y, Liang Z, Li X: A permutation Lempel-

Ziv complexity measure for EEG analysis. 
Biomed Signal Processing Control 2015; 19: 

102–114.
30 Macbeth G, Razumiejczyk E, Ledesma RD: 

Cliff’s delta calculator: a non-parametric ef-
fect size program for two groups of observa-
tions. Univ Psychol 2011; 10: 545–555.

31 Bohannon RW: Reference values for the 
timed Up and Go test: a descriptive meta-
analysis. J Geriatr Phys Ther 2006; 29: 64–68.

32 Tudor-Locke C, Craig CL, Thyfault JP, Spen-
ce JC: A step-defined sedentary lifestyle index: 
< 5,000 steps/day. Appl Physiol Nutr Metab 
2012; 38: 100–114.

33 Rowe D, Welk G, Heil D, et al: Stride rate rec-
ommendations for moderate-intensity walk-
ing. Med Sci Sports Exerc 2011; 43: 312–318.

34 Hausdorff JM, Hillel I, Shustak S, et al: Every-
day stepping quantity and quality among old-
er adult fallers with and without low cognitive 
impairment: initial evidence for new motor 
markers of cognitive deficits? J Gerontol A 
Biol Sci Med Sci DOI: 10.1093/gerona/glx187.

35 Giannouli E, Bock O, Mellone S, Zijlstra W: 
Mobility in old age: capacity is not perfor-
mance. Biomed Res Int 2016; 2016: 3261567.

36 McAuley E, Mihalko SL, Rosengren K: Self-
efficacy and balance correlates of fear of fall-
ing in the elderly. J Aging Phys Act 1997; 5: 

329–340.
37 Delbaere K, Close JC, Mikolaizak AS, Sachdev 

PS, Brodaty H, Lord SR: The Falls Efficacy 
Scale International (FES-I). A comprehensive 
longitudinal validation study. Age Ageing 
2010; 39: 210–216.

38 Kendrick D, Kumar A, Carpenter H, et al: Ex-
ercise for reducing fear of falling in older peo-
ple living in the community. Cochrane Data-
base Syst Rev 2014;CD009848.


