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ABSTRACT

Background: The association between physical activity and falls among people with Parkinson’s disease (PD) is
unclear. Their interrelationship is likely complex: falling is typically most prominent among active people (i.e.
those with less disease severity), but falling also worsens as balance becomes compromised (i.e. among more
severely affected persons). Physical activity could therefore be related to both more and fewer falls in an
inverted-U relationship.

Objective: To examine physical activity and falls among people with PD with a fall history, to study whether
(change in) physical activity is different for fallers and non-fallers, and to determine whether physical activity
levels are related to the number of falls.

Methods: Physical activity and falls were prospectively measured continuously over a 1-year period using a
smartwatch and diaries in people with PD with a fall history.

Results: We analyzed data of 167 participants (mean age 69 years, 37 % females). The average daily step count
was 4891 (SD = 2912) and median fall rate was 3 falls/person-year (Q1-Q3, 0-8.5), both stable during follow-up.
Step count was similar for fallers (4866) and non-fallers (4960) (t(76) = 0.18, p = 0.86). Step count was not
related to the number of falls in a linear relationship (Beta = —0.36, p = 0.97) nor in an inverted-U relationship
(Beta = 0.14, p = 0.21).

Conclusion: We found no evidence that physical activity levels were different for fallers and non-fallers, or were
related to the number of falls. This population with a fall history was quite sedentary and fell frequently, and
these patterns were consistent during the relatively brief observation period of 1 year.

1. Introduction

Third, it is difficult to understand daily life behavior of people with PD,
including their falls and changes in physical activity levels. Asking

Most people with Parkinson’s disease (PD) will experience at least
one fall during their disease course. A fall can have major consequences,
including injuries, loss of independence, or even death. To prevent
future falls and its impactful consequences, it is important to accurately
monitor falls and its predictors in real life.

An accurate insight into physical activity levels and fall patterns in
people with advanced PD is missing, for various reasons. First, most falls
occur in advanced disease stages, but people with advanced PD are
underrepresented in research [1]. Second, most insights come from
studies with short follow-up duration of at most several weeks [2].
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people about this during an in-clinic evaluation introduces recall bias.
To address this, continuous monitoring in the home environment could
provide a solution. In research settings, such monitoring systems have
been developed and (pilot) tested, but mostly in people with early stage
PD, and over short periods of time (several weeks). Finally, most studies
evaluate an intervention and therefore, do not give an adequate picture
of typical activity and fall patterns in the home environment [2-4].
Besides the known predictors of falls, including freezing of gait,
balance problems and cognitive problems, changes in physical activity
levels might also have predictive value. A gradual reduction in physical
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activity over time, possibly caused by (or resulting in) reduced physical
capacity, might precede a fall. Paradoxically, reduced physical activity
also reduces the exposure to risks of falls, because most falls occur
during walking or in standing position. In addition, the effectiveness of
fall prevention interventions varies [2-4]. At the moment, the precise
relationship between falls and physical activity thus remains unclear.

To address this, we performed a large observational study in daily
life of people with PD with a fall history. The primary aim was to
describe changes in physical activity and fall patterns over a one-year
period. The secondary aim was to investigate whether the (change in)
physical activity levels might differ between fallers and non-fallers, or be
related to the number of falls. We hypothesize an inverted-U shape
relationship between the two. Furthermore, we investigated whether
step count and falls were associated with other clinical and demographic
characteristics.

2. Methods
2.1. Study design

We conducted an observational cohort study, Bringing Parkinson
Care Back Home (ClinicalTrials.gov ID NCT04288583), where partici-
pants were followed for one year. Details on the study protocol and
compliance of participants are published elsewhere [5].

2.2. Participants

People were eligible if they confirmed a diagnosis of PD, were 18
years old or older, experienced at least 1 fall incident in the previous 6
months, were fluent in Dutch and were willing and able to provide
informed consent. Exclusion criteria were cognitive or psychiatric im-
pairments that might hinder completion of the study. Recruitment
procedures are described in Supplement A.

2.3. Data

At baseline, several clinical measures were assessed during a home-
visit. These measures included motor symptom severity (UPDRS-III),
physical capacity (6 m walking test), balance (miniBEST) and cognition
(MoCA). In addition, participants completed several questionnaires to
assess demographic characteristics, UPDRS-I/1I/1V, physical activity
(LAPAQ), freezing of gait (NFGQ), fear of falling (FES-I), fatigue (FSS),
anxiety and depression (HADS), and quality of life (PDQ-39).

Furthermore, during the home visit participants received a
commercially available study watch (Fossil Carlyle Gen 5 FTW4026)
that contained an accelerometer (sampling frequency = 50Hz), gyro-
scope (sampling frequency = 40Hz) and barometer (sampling frequency
= 20Hz). This watch collected continuous data on physical activity and
falls. In addition, participants were instructed to confirm the registered
falls or add a non-registered fall in an online dashboard directly after the
fall event. Participants who were less digitally skilled kept a paper-based
fall diary. After 12 months, the questionnaires were repeated.

2.4. Data processing

For falls, we calculated fall events per person-year. A considerable
proportion (42 %) of participants dropped out of the study, and by
scaling the falls to a full year (fall rate = (reported falls/days of par-
ticipation)*365), we aimed to remove the bias introduced by different
participation durations. In a sensitivity analysis, we repeated all ana-
lyses for the participants who completed the full 1-year study period.

For physical activity, our outcome measure was daily step count
measured with the study watch. We only included days with a minimal
of 10 hours of data collection, in line with previous studies [6].

Parkinsonism and Related Disorders 143 (2026) 108166
2.5. Analyses

In our primary analysis, we used descriptive statistics to describe
physical activity and fall patterns among people with PD in daily life.
Changes in these patterns over a one-year period were statistically tested
using a linear mixed effects model and Poisson regression model with
time as independent variable and respectively physical activity and fall
event as dependent variable. Random intercepts and random slopes over
time for participant ID were included.

In our secondary analysis, we investigated the association between
physical activity and falls in several ways, described in Supplement A. We
performed sensitivity analyses in which we imputed missing data,
described in Supplement B.

Analyses were performed in R.

3. Results
3.1. Socio-demographic characteristics

Sociodemographic characteristics are presented in Table 1. We
included 200 people with PD, but 33 participants only contributed fewer
than 30 days and were excluded from the analyses. Therefore, 167
participants were included in the analyses. Participants excluded from
the analyses were slightly older and had a slightly longer disease dura-
tion (Supplement C).

3.2. Physical activity

The average daily step count of participants was 4891 (SD = 2912).
Change in step count during follow-up is illustrated in Supplement D. Step
count did not change during follow-up (Beta = —0.40, p = 0.055).

3.3. Falls

Of the 167 participants, 122 (73 %) participants reported at least one
fall event during the study period. The total number of reported falls was
2201, with a range from 0 to 346 falls per participant (Supplement E). Fall
events did not change over the follow-up period (Beta = 0.00, p = 0.76).
Scaled to as if participants did complete 1-year study period, the number

Table 1
Sociodemographic characteristics.

Study cohort n = 167

Age, years® 68.4 (7.3)
Female, n (%) 60 (36 %)
Education, n (%)°
None 2 (1 %)
Secondary school 24 (14 %)
Lower vocational education 15 (9 %)
Secondary vocational education 32 (19 %)
Higher professional education 58 (35 %)
University 26 (16 %)
Disease characteristics
Years since diagnosis® 8.9 (5.9)
Hoehn & Yahr scale, n (%)
I 11 (7 %)
I 56 (34 %)
I 80 (48 %)
I\ 19 (11 %)
A 0 (0 %)
Cognition (MoCA)® 26.0 (3.0)
MDS-UPDRS?
I (Mentation, Behavior, Mood) 9.5 (4.5)
11 (Motor Experiences of Daily Living) 15.9 (7.7)
III (Motor Examination) 40.2 (13.8)
IV (Complications of Therapy) 3.1 (3.4)

Values are mean (standard deviation), unless stated otherwise. Missing values
are excluded in calculation percentages. *Missing data of 9 participants. "Missing
data of 10 participants. “Missing data of 1 participant.
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of falls was 2527 and a median fall rate of 3 falls/person-year (Q1-Q3,
0-8.5).

3.4. Relationship between physical activity and falls

The average daily step count and fall rate per participant are illus-
trated in Fig. 1. The average daily step count did not differ between
participants who fell (4866 steps/participant/day) or did not fall (4960
steps/participant/day) (t(76) = 0.18, p = 0.86). Also, average step count
was not related to the number of fall events per person in a linear
relationship (Beta = —0.36, p = 0.97) nor in an inverted-U relationship
(Beta = 0.14, p = 0.21). Furthermore, the change in step count over the
study period was not different for fallers or non-fallers (t(56) = 0.79, p =
0.43), and also not to the number of falls (Beta = —0.01, p = 0.62).

3.5. Association of physical activity and falls with other characteristics

Higher fall frequency was significantly associated with higher Hoehn
and Yahr stage, longer disease duration, more freezing of gait, higher
score on MDS-UPDRS part II, more fear of falling, less fatigue and higher
anxiety in the univariate models (Supplement F).

Higher average daily step count was significantly associated with
lower age, lower Hoehn & Yahr stage, lower scores on MDS-UPDRS part
L, IT and III, better physical capacity, better balance, less freezing of gait,
less fear of falling, less fatigue and a better quality of life (Supplement F).

3.6. Sensitivity analyses

Only considering participants who completed the full one-year
period did not change the results. Imputing missing data using the
minimum and maximum observed values changed the results consid-
erably (Supplement B).

4. Discussion

Our aims were to describe longitudinal (changes in) physical activity
and fall patterns and to investigate whether the (change in) physical
activity levels were different for fallers and non-fallers or related to
number of falls. Participants had an average daily step count of only
4891 and a median fall rate of 3 falls/person-year. Both did not change
over the follow-up period. Physical activity levels were not different for
fallers and non-fallers and were not related to the number of falls
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(neither linear nor in an inverted-U shape).

Participants fell more frequently (average of 15.1 falls/person-year)
compared to previous studies (average of 2.1 falls/person-year [7]). This
might be due to a minority of participants who fell almost weekly or
even daily, which skewed the distribution. However, this may also be
explained by the fact that we included people with PD in more advanced
disease stages, by purposely recruiting people with PD with a fall his-
tory. The same goes for physical activity levels (mean step count of 4891
per day), which were lower than in previous studies (5362 and 5423
steps per day) [6,8]. These levels were also lower than the general
guideline of 6000-8000 steps per day for adults aged 60 years and older
[9]. This is concerning because physical activity is important for people
with PD, as it reduces both motor and non-motor symptoms and possibly
modifies the disease course [10].

We found no relationship between physical activity and falls. Pre-
vious studies that described a relation between physical activity and falls
in people with PD did not have an observational nature but studied the
effect of an intervention [2-4]. In contrast, our study mostly collected
data passively in the home environment, without intervention. Another
big difference with other studies is that we deliberately included people
who already had a history of falls. This enabled us to capture many falls,
because many participants were recurrent fallers. Therefore, we did not
investigate the relationship between changes in physical activity levels
and the first fall event. This population may already have changed
physical activity behavior because of e.g. fear of falling or injuries.

Previous studies describe that aerobic exercise seems a safe inter-
vention for people with PD [10]. Our present findings provide no ar-
guments to contest this notion, and offer no reason to be hesitant in
promoting physical activity. Other factors were more strongly related to
falls. This included higher Hoehn and Yahr stage, longer disease dura-
tion, more freezing of gait, higher score on MDS-UPDRS part II (Activ-
ities of daily living), greater fear of falling, and higher anxiety, in line
with previous findings [11] and less fatigue. Latter was surprising to us,
and we do not have a clear explanation for this. It is possible that fatigue
has a protective function by inhibiting activity, although this remains a
hypothesis. Interestingly, we found that physical capacity and balance
were not related to fall events, although both are expected to contribute.
Indeed, both aspects are often trained as part of fall prevention strate-
gies. The nature of falls in PD thus remains complex [12]. Consequently,
fall prevention strategies should be multimodal, including balance ex-
ercises, muscle strength training and psychological approaches to
reduce the fear of falling.
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Fig. 1. Fall rate and physical activity per person.



B.R. Maas et al.

This study had several limitations. First, the drop-out rate was rela-
tively high, as previously published [5]. We also observed that people
who dropped out earlier were slightly less physically active and fell less
than those with a longer follow-up time. This could have influenced our
results. We aimed to reduce this bias by including most participants in
our analysis and scaling their falls to a one-year period to reduce bias
introduced by different participation durations. However, we are aware
that this scaling also introduces bias. We therefore repeated all analyses
only considering participants who completed the 1-year study period.
Both analyses yielded the same result. Second, fall incidents in this study
were self-reported. We aimed to use an automated fall detection algo-
rithm, but this was not validated yet. Therefore, we only used falls that
were confirmed by participants, either prompted by the sensor of
self-reported. Third, a high step count may also reflect a more disturbed
gait pattern, because a higher cadence can compensate for a reduced
step size, or due to festination, rather than pointing to a greater volume
of physical activity. Our present findings indicate that participants were
generally less active. If part of the reported steps were due to festination,
then the actual volume of physical activity would be even lower,
meaning that the population would in fact be even more inactive than
we currently report. Parameters other than step count, including step
length, gait speed, rhythm and variability, may be related to falls, as
they reflect the quality of physical activity. However, these measures
were not included in our analyses because they fell outside of the scope
of this study, which focused specifically on the volume of physical ac-
tivity. For the purpose of this study, we explicitly opted for a wrist worn
device, because this tends to be associated with the best compliance,
which is particularly helpful in long-term studies such as the present
one. A disadvantage is that other parameters that more directly reflect
the quality of gait can be derived less reliably from such a wrist worn
device, as opposed to for example a sensor placed at the level of the
ankle. It would certainly be interesting to further study these variables in
future work, in particular using additional sensors placed at the lower
limbs.

Future studies should investigate whether a gradual reduction of
physical activity has predictive value, e.g. because it precedes a first fall
event or antedates a period of more frequent falls. Such studies should
also include individuals without a fall history and follow them over
several years to capture the whole timespan from the first fall to falling
more frequently. This should be done with wearable sensors to objec-
tively capture physical activity, but preferably also with validated
automatic fall detection algorithms.

We examined a relatively understudied population, namely people
with PD with a fall history. We found that this population is quite
sedentary and falls frequently, without changes over a one-year period.
Falling remains a complex phenomenon with serious consequences. This
vulnerable population deserves more attention in order to break the
cycle of functional decline.
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