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Abstract

Background In the aging society, more attention is paid to the promotion of forms of physical activity that can
improve postural stability and cognitive functioning. In this context, the importance of combined exercises, requiring
simultaneous physical and cognitive involvement, is emphasized. Juggling seems to be a form of activity that is both
cognitively and physically demanding. The purpose of this study was to determine the effect of additional juggling
exercise on postural stability and cognitive abilities in healthy, physically active older adults.

Methods Twenty-six healthy and physically active older adults (70.08+4.40 years old) were included in a randomized
crossover study. The addition of juggling three times a week during four weeks was the main intervention (one
period), while the control phase included four weeks with no addition of juggling (second period). Measurements

of postural stability and cognitive abilities were performed before and after each period. For the purpose of pos-
tural stability assessment, a velocity of center of pressure with root mean square, area 95 percentile, medio-lateral
and anterior-posterior range of motion were measured. Center of pressure signals were obtained using an AccuGait'
System force plate in three conditions: free standing, dual-task and limits of stability. The Vienna Test System was used
for the assessment of selected cognitive abilities. A battery of reaction time tests and Cognitrone test were used

for this purpose.

Results A significant interaction effect of intervention and time was observed in the postural stability dual-task
condition in the root mean square of the center of pressure velocity in the advantage of the juggling period (medio-
lateral: F=14.83, p<.01, r]p2=.37; anterior-posterior: F=26.30, p<.01, r)p2=.57). Additionally, moderate effect sizes were
observed in the velocity of the center of pressure and variability of simple reaction time measurements, but with-
out statistical significance.

Conclusions The results of this study indicate that the implementation of juggling activity in everyday life may have
positive effects on cognitive abilities and postural stability in healthy, physically active older adults, but the true effect
may be low to moderate.

Trial registration The study was registered retrospectively (30.10.2023) at ClinicalTrials.gov (NCT06108713).
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Introduction

A rapidly aging population has been observed nowadays
in developed countries [1]. The increasing life expectancy
of people, as well as the growing size of the older adult
population, is affecting the economy, as well as society
as a whole. In view of the mentioned challenges, there
is a growing necessity to provide adequate care for older
adults [2, 3]. The phenomenon of increasing average age
in the global population should, in particular, increase
interest in interventions to prevent disease and cognitive
decline among older adults. It seems that appropriately
targeted physical activity may be a suitable way of healthy
aging. Its effects on body composition, cardiovascular
diseases [4, 5], diabetes [6] and certain cancers [7, 8] are
widely known. In addition, it is increasingly emphasized
that physical activity can improve the functionality of
aging people [9, 10]. Nevertheless, the activity of older
adults does not meet the accepted norm of 150min/week
[11]. It is estimated that one in four to five adults does
not meet current World Health Organization recom-
mendations in regard to undertaking physical activity
[12]. This can accelerate unhealthy aging, which causes
both physical and cognitive functional deterioration, fur-
ther interfering with older adults’ ability to perform daily
activities [13]. Therefore, there is a need to organize and
recommend attractive and systematic physical activity
programs, especially among older adults living in rural
areas [14].

Postural stability is of growing interest among the
elderly, and they are looking for fall prevention measures
to maintain their independence [15, 16]. Among healthy
individuals, postural stability relies on somatosensory,
vestibular and visual information [17]. Deterioration in
one of these functions can create impediments in motor
function and the ability to stabilize posture correctly.
Additionally, disrupted proprioception significantly
decreases postural reactions induced by unexpected
stimuli [17, 18]. This phenomenon is connected with
the basal ganglia, which is an essential part of the brain
involved in maintaining balance [17, 19]. Another factor
affecting balance are cognitive abilities [17, 20]. The abil-
ity to quick reaction time is important for maintaining
balance and avoiding falls during postural challenges or
threats [20]. Deterioration of attention and slower reac-
tion time among older adults may be due to changes in
the central and peripheral nervous systems [20]. Instabil-
ity due to cognitive deterioration or age-related changes
in the nervous system can lead to a host of problems
related to functioning in daily life and health. The great-
est risks associated with instability are falls and postural
disorders, which are among the great geriatric syndromes
and pose a threat to health and life [3]. For example, in
2015, more than 1 million people aged 65 and older in
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Poland experienced at least one fall. By 2050, this number
will almost double [3]. Walking and postural stability is
not just a motor task but an activity that engages execu-
tive functions and attention [21]. Moreover, exercise has
a positive impact on physical functioning, reducing the
number of falls and increasing the autonomy of older
adults and their quality of life [22]. All these projections
show that the care of older adults will be particularly
important in the coming years.

In a review on neuronal and cognitive plasticity Green-
wood and Parasuraman [23] hypothesized that the inter-
action between neural and cognitive plasticity is needed
for successful cognitive aging. It was stated that whereas
neural plasticity is stimulated by experience, cognitive
plasticity can change patterns of cognitive behavior [23].
Moreover, the manifestation of cognitive plasticity may
depend upon the neural plasticity mechanism [23]. The
aging brain has the ability to adapt, among other things,
through the promotion of neurogenesis [23, 24] but also
through the ability to change in response to the environ-
mental demands of synapses and dendrites [23, 25]. One
of the animal studies [26] confirmed that certain plastic
changes in the brain can occur in as little as one week.
Moreover, synaptogenesis is promoted by novelty, which
was confirmed in studies on adult rats in which greater
complexity of dendritic trees caused by daily maze explo-
ration tasks was detected [23, 27]. The above conclusions
are also confirmed in the case of humans. It has been
shown that moderate physical activity, which does not
significantly affect a person’s cardiorespiratory system
but instead engages it cognitively through, among other
things, novelty of the task and engagement of attention,
has a positive effect on cognition or sensorimotor perfor-
mance [28-31]. It has also been confirmed that changes
in the brain under the influence of this type of activity
can take place after just one week of exercise [30, 32].

One such activity that can engage both cognitively and
physically and will be a novelty for potential participants
is juggling [33, 34]. Classical juggling is a form of activity
that requires simultaneous throwing and catching of balls
(or other objects like, rings, clubs, scarves) individually
with one or both hands in a specific sequence without
dropping them [34, 35]. It can be performed in various
techniques as column exercises (where each hand throws
objects in straight vertical trajectory), parabola exer-
cises (that requires throwing objects from one hand to
another) or various (which is a combination of mentioned
previously column and parabola exercises) [34]. Although
this form of exercise seems demanding, research con-
firms that older people are fit enough to master juggling
exercises [11, 34]. One of the positive aspects of taking
up this form of exercise is the growing evidence indicat-
ing that juggling improves the well-being of exercisers
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[34, 36-38]. In addition, our previous research showed
that this form of exercise is attractive to older people
[34]. Most importantly, the juggling intervention causes
an increase in the volume of gray matter [30, 32, 33, 39,
40, 40, 41] and white matter [30, 42, 43] in the human
brain and thus shows potential for neuroplasticity. This
evidence suggests that engaging in this activity is likely to
improve cognitive and executive functions in exercisers,
but there is a lack of studies addressing this issue. To the
authors’ best knowledge, there are also no studies focus-
ing on the influence of juggling on postural stability.

Therefore, the purpose of this study was to investigate
the effect of a juggling intervention on postural stabil-
ity and selected cognitive abilities in active older adults.
We hypothesized that the implementation of a short
period of juggling in the everyday life of older adults may
improve postural stability, reaction time and attention
focus.

Materials and methods

Study design

A randomized crossover study design (AB/BA) with two
periods (A: implementation of juggling; B: without imple-
mentation of juggling) was used. Participants were ran-
domly assigned to the AB and BA groups in a 1:1 ratio.
Handedness for homogeneity of the group was examined
according to the Edinburgh Handedness Questionnaire —
short form [44, 45]. Before and after each period, postural
stability, reaction time and attention focus were assessed.
Physical activity level was tracked using the Polish adap-
tation of the CHAMPS scale [46].

Participants

Thirty-seven volunteers aged 65 years or older who
responded to a local advertisement were initially enrolled
in the study. The inclusion criteria were as follows: physi-
cally active people over 65 years old, with no injuries or
pathologies involving the upper limb, without neurologi-
cal issues, and with no significant visual impairments. In
turn, individuals with mixed or left-handedness, seden-
tary lifestyle, any contraindications to physical activity,
neurological impairment, daltonism, prior experience in
juggling or under the required age were excluded from
the study protocol (n=7). All participants declared that
they took an active part in other organized activities,
such as Nordic walking, aqua aerobic or rhythmic gym-
nastic activities. This information was crucial because
among those who had not previously participated in any
organized activity, new social factors could affect the
measured effects [47]. Participants’ physical activity was
not restricted during the experiment. However, they were
asked not to undertake any new forms of activity for the
period of their participation in the project to avoid the
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motor learning process outside the proposed juggling
classes. Dropouts also occurred during the testing and
intervention period, including individuals who became
seriously ill or missed training units for any reason (n=4).
Finally, twenty-six participants completed the entire
intervention protocol: 21 women and 5 men (age range:
65-75). All procedures were explained and well under-
stood by participants prior to the commencement of the
study. All participants signed a written informed con-
sent form and were informed that they could withdraw
from participation at any time. The trial was conducted
in three waves. First one from September to December
2021, and the next two from March to September 2022.
The study was conducted in accordance with the Dec-
laration of Helsinki 2013 and approved by the Ethics
Committee of Poznan University of Medical Sciences
(No. 106/21, date: 04.02.2021) and was registered retro-
spectively at ClinicalTrials.gov (NCT06108713).

Intervention

The study took place at Poznan University of Physi-
cal Education. Two study periods (juggling period - JP
and non-juggling period - NJP) were separated by a
four-week washout period. The juggling period lasted
4 weeks and consisted of 12 meetings (3 trainings per
week), each lasting 45 minutes [32, 48]. The training was
always taught by the same person who is a professional
in juggling and has a background in physical education.
The first 8 minutes of the training unit was a warm-up
with juggling balls and familiarization of the participants
with the equipment. The main part of the training unit
was dedicated to learning how to juggle three balls cas-
cade. Participants were asked to not juggle outside of the
classes. In turn, the last 5 minutes were dedicated to calm
down and simple stretching exercises. The entire inter-
vention aimed to execute juggling as a dual-task exercise
with the deferral of the traffic automation phase. Each
training unit required the completion of various tasks
(catching and throwing exercises) using juggling balls.
The difficulty level of these tasks increased over time in
the JP. To facilitate learning, the balls were in three dif-
ferent colors - green, yellow and red. At a later stage of
the intervention, this enabled easy communication of
what task was to be performed and which of the several
balls held should be used for that task. Additionally, par-
ticipants completed the course by mastering the basics of
the three-ball cascade. During the intervention, partici-
pants juggled with 70mm diameter, 90g balls. Due to the
complexity of the entire procedure of the intervention, it
was described separately in our previous study [34]. Due
to the pandemic risk (COVID-19), the groups were inten-
tionally small. A maximum of 5 people participated in
one training session at one time so that adequate spacing
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could be maintained between other exercisers. The NJP
was characterized by a lack of additional activity in the
form of juggling. The whole study design is described in
Fig. 1.

Measurements

Postural stability tests (PST)

The postural stability of the participants was meas-
ured using an AccuGait" System force plate (AMTI
PJB-101 model, AMTI, Watertown, MA) with Balance
Trainer software and a sampling frequency of 100 Hz.
All obtained data were filtered out with a cutoff level
of 10Hz [49]. Each participant took part in five trials in
a random order. Two trials involved free standing with-
out an additional task (PST), the next two involved free
standing with an additional cognitive task (PST}), and
one trial involved stability limits (PST| ). The PST.
mapped the free standing in one minute. Each partici-
pant was instructed with the words “Please stand freely,
keep your arms along your torso, eyes open, gaze ahead’.
In the case of the PSTy trials, an additional task while
standing was to listen to a set of digits and count the
occurrence of even or odd numbers (randomized). The
numbers were prerecorded sound samples by one of the
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researchers, played from speakers 1m away from the par-
ticipant’s backs. The participants heard 30 digits during
each PSTy trial, which appeared every two seconds. After
the trial, the participant reported the result. A mistake of
more than 2 was interpreted as poor focus on the task,
requiring a retest with a new sound sample. The instruc-
tions for each PSTy trial were the same, and the excep-
tion was the sentence added at the end: “Count even/odd
digits”. PST| o was performed with the assurance of the
researcher. Any precipitation beyond the limit of stability
caused the test to be repeated. The test participant’s task
was to lean forward and backwards and lean to the left
and to the right, as much as possible.

Each of the trials lasted 60 seconds. Between each
trial, the test participant had a two-minute break in a sit-
ting position. After instructions preceding the test, the
researcher waited two seconds before communicating
“start” and another two seconds before turning on the
measurement. Measurements in each period began with
familiarization with the PST, PSTy and PST| 4 trials.

During postural stability trials, center of pressure
(COP) displacements were monitored. Based on the COP
signal, the following parameters were calculated: veloc-
ity (Vcop), area 95th percentile (Area95), medio-lateral

Recruitment for the study and randomization of
participation sequence (juggling/ non-juggling)
n=37

//’Di;match\>

Juggling eligibility criteria Non-juggling
n=14 n=7 n=16
4 weeks
Drop-outs PRE; (at the start) and POST, (after 4 Drop-outs
=0 weeks) measurements of RT, COG, PST. n=1
CHAMPS questionnaire just POST;.
n=14 n=15
x 4 weeks Wé§bj}}i£;  ————————
" ~ perio —
n=15 n=14
4 weeks
Drop-outs PRE; (at the start) and POST; (after 4 o R
weeks) measurements of RT, COG, PST. rop-outs
n=2 CHAMPS questionnaire just POST,. n=1
n=13 n=13

Fig. 1 Study design chart; n — number of participants PRE,/PRE, — before first/second period; POST,/POST, — after first/second period; RT — reaction

| Both periods and washout completed

n=26

time tests; COG - attention focus tests; PST — postural stability tests; CHAMPS — physical activity questionnaire
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range of sway (RangeX), anterior-posterior range of
sway (RangeY), medio-lateral root mean square velocity
(RMSyx) and anterior-posterior root mean square veloc-
ity (RMSyy) of COP [50]. The reliability of intersession
Vcop measurement in older adults is equal to r=.76, for
PST, g variables varies from r=.67 to r=.85 [51].

Simple reaction time (SRT) and Choice reaction time (CRT)
Reaction time tests were conducted with the usage of
the Vienna Test System (VTS) (SCHUHFRIED GmbH,
Austria; Polish distribution - COGNIFIC) with a special
panel device. By using the resting and reaction key on
the device, it was possible to split the variables into reac-
tion time (RT) and motor time (MT), with both variables
measured in milliseconds. The S1 test form was used to
assess single-choice responses with a simple visual cue
(yellow light on the monitor screen). The S4 test form was
used to assess choice reaction time (go/no go) responses
with more stimuli (yellow light, red light, yellow and red
light simultaneously or simple sound — in various com-
binations). For S4, the only correct response was in the
simultaneous presence of yellow and red light. It was
important to use just one finger of the dominant hand
to respond in both tests. Data were also collected on
the variability of the individual variables (VSRT; VCRT;
VMT). The term “reaction time” means the time between
the presentation of the stimulus and the occurrence of
the response (raising the finger from the resting button).
“Motor time” is understood as the time between raising a
finger from the rest button and pressing the reaction time
button. To standardize the measurements, each approach
was preceded by a practice test, after which the partici-
pant performed a four-minute main test. Additionally,
decision time (DT) variables were calculated from SRT
and CRT data using the mental chronometric method
(CRT-SRT=DT) [52]. Reliabilities of RT variables vary
between r=.83 and r=.98 in the norm sample. MT reli-
ability varied between r=.84 and r=.95 (SCHUHFRIED
GmbH).

Attention and concentration measurement

The assessment of the attention and concentration of
participants was possible through the comparison of fig-
ures concerning their congruence in the Cognitrone test
form of VTS software. Cognitrone is based on Reulecke’s
theoretical model [53], where concentration as a state
is described by three variables: (a) energy, (b) function,
and (c) precision. We used the S10 form of this test. The
task was to answer whether the model displayed below
was present in the set of figures at the top of the moni-
tor screen. Participants used both hands. Left hand
over the red button (to reject), the right hand over the
green button (to accept). Every reaction was recorded by
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milliseconds and correctness (COG — average time of
correctly rejected; COG, — average time of correctly
accepted). Skipping a task, going back to a previous or
correcting task, was not possible. The correct answer
(COG() was to reject correctly (red button if the pattern
did not occur in the set of figures) or to accept correctly
(green button if the pattern occurred in the set of fig-
ures). In addition, the time it took to complete the entire
test was also measured (COGy). For standardization pur-
poses, each approach was preceded by a practice test,
after which the participants performed the main test. The
reliability was over r=.95 (SCHUHFRIED GmbH).

CHAMPS questionnaire

For the purpose of the study, we used a Polish adapta-
tion of the CHAMPS scale [46]. This questionnaire with
41 questions for assessing the frequency and duration of
various physical activities of older adults was used [54,
55]. It is one of the most valid and reliable questionnaires
for this purpose [46, 56, 57]. The one-week test-retest
reliability of the Polish adaptation was .79 to .85. The
questions covered the last four weeks of the participant’s
activity and allowed the estimation of caloric expendi-
ture and the frequency of physical activity per week [55].
Study participants were asked to complete a question-
naire at the end of the NJP and JP.

Outcomes

The primary outcomes of the study were postural stabil-
ity variables (Vcop including RMS data, RangeX, Ran-
geY and Area95) and selected cognitive abilities (SRT,
CRT, MT including variability of these data, DT, COGcy,
COG¢y, COGe and COGy). Physical activity results
from the CHAMP scale were characterized as secondary
results.

Sample size and randomization

For the purpose of the crossover research design, the
a priori F-test repeated measure analysis of variance
(ANOVA RM), within-between interactions in G*Power
software (version 3.1.9.6, Germany) was used [58]. Based
on data where Multi System Physical Exercise was used
to develop reaction time in older adults (Cohen’s f=.715,
what equals of high effect size qp2=.34 [59]), we chose
borderline result of high effect size r]p2=.138, which gives
an effect size f(U)=.40 to estimate minimum sample size.
According “as in SPSS” option [60], minimal power .80
and alpha error of probability .05, the sample size of 26
participants would be adequate to minimize Type I and
Type II errors. Additionally, in two studies with paral-
lel design, significant changes in brain structure after
juggling in 12 healthy young participants who under-
went the intervention [39] and also in 25 healthy older
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participants of the intervention group were detected [33].
These results seem to confirm that the estimated mini-
mum sample size should be adequate to detect whether
and to what extent juggling can affect functional changes.

Participants enrolled for the study were randomly
assigned to one of two groups with the use of randomiza-
tion with the NumPy library in Python (each participant
was assigned a number of 1 to 37 according to the order
in which they signed up to participate). These numbers
were then input into the array using the array() function.
Then, their order was randomly generated using the com-
mand Shuffle(). The first 18 numbers that represented
participants from the generated list were involved in the
AB sequence of the study, while the remaining numbers
were involved in the BA sequence.

Data analysis

All data analyses were performed using STATISTICA
software (version 13.3.0, TIBCO Software Inc., Palo Alto,
CA, USA; 2017). Data were analyzed using two-way
ANOVA RM to study the interaction between interven-
tions (JP, NJP — as “TR”) and time (PRE, POST - as “PP”)
for tests of cognitive function and balance. Differences
between the physical activity levels for the two periods were
determined using the paired t test (normal distribution)
or Wilcoxon test (abnormal distribution). The assumed
alpha level was .05. The effect size (ES) was determined
from Cohen’s with a 95% confidence interval (95%Clg).
Differences are presented as the mean difference (MD)
and 95% confidence interval of this value (95%Cl,p).

Results

All participants (age=70.08 years old) were right-handed.
Detailed characteristics of the participants who finished
the whole protocol are described in Table 1.

Primary outcomes

PST. was characterized by the lowest values of Vcop,
RangeX, RangeY and RMSyy for POST JP. Additionally,

Table 1 Characteristics of participants included into analyses

Variable All(n=26) Mean Women(n=21) Men(n=5)
(SD) Mean (SD) Mean (SD)
Age [years] 70.08 (4.40) 70.81 (5.10) 69.00 (3.81)
Body height [cm] 161.23 (7.89) 158.52 (5.01) 172.60 (8.62)
Lateralization® 9231 (12.62) 92.86 (12.22) 90.00 (16.30)
Body mass [kgl  67.77 (13.44) 63.95 (9.74) 83.80 (16.05)
BMI [kg/mz] 25.95 (3.86) 2549 (3.95) 27.90 (3.01)

?Values from 100 to 61 - right-handedness, -60 to 60 mixed handedness, -61 to
-100 left-handedness
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changes in the main PST variables in both conditions
from PRE to POST measurements showed an advan-
tage of JP (Fig. 2). For PSTg the lowest values in POST
JP were observed for Vcop. However, statistical signifi-
cance of the interaction of “ITR”x“PP” was observed for
RMSyx and RMSyy in PST;. Bonferroni post hoc analysis
of RMS,, showed statistically significantly higher values
for POST NJP versus the other time points (PRE JP —
POST NJP: MD=-.37; 95%CI,;,=[-.56;=-.18]; POST JP —
POST NJP: MD=-.38; 95%CI,;p=[-.57-.18]; PRE NJP —
POST NJP: MD=-.36; 95%ClI,;p=[-.55;-.17]). The RMS,y
variable was significantly lower in PRE NJP than in other
time points of this study (PRE JP — PRE NJP: MD=.36;
95%Cl,p=[.21;.52]; POST JP - PRE NJP: MD=.31;
95%Cl,p=[.15;46]; PRE NJP — POST NJP: MD=-.34%;
95%ClIp=[-.49;-.18]). Additionally, a statistically signifi-
cant main effect of “TR” was observed for RangeY JP —
NJP: MD=-.19; 95%Cl,;,=[-.37;-.02]; PRE JP — PRE NJP:
MD=-.07; 95%Cl,;,=[-42;-.29]; POST JP — POST NJP:
MD=-.32; 95%Cl,;p=[-.68;-.03]) in the PST. condition.
There were no statistically significant differences for any
of the PST, 5 variables. All data of the three conditions
in balance testing are described in Table 2. An additional
file shows more detailed post hoc results [see Additional
file 1].

Participants were characterized by shorter response
time between POST JP and the other time points, espe-
cially for SRT, VSRT, CRT, VCRT, DT and COGy. Addi-
tionally, changes in selected cognitive abilities in both
conditions from PRE to POST measurements showed
an advantage of JP (Fig. 3). Statistical significance
was obtained for the main effect of “PP” in variables:
SRT and COGc. Bonferroni post hoc analysis of SRT
showed significantly worse reaction time for PRE com-
pared to POST timepoint (PRE - POST: MD=11.42;
95%Cl,,p=[1.55;21.30]), but there were not significant
changes in specific periods as juggling (PRE JP — POST
JP: MD=14.69; 95%CI,;p=[-1.24;23.63]) or control (PRE
NJP — POST NJP: MD=8.15; 95%Cl,;p=[-7.78;24.09])
despite a larger change in sequence with the interven-
tion. Bonferroni post hoc analysis for COG. showed
significantly less correct answers in Cognitrone test for
POST compared to PRE timepoint (PRE — POST: MD=-
.81; 95%Cl,p=[-1.52;-.10]), but without significance
in specific periods as juggling (PRE JP — POST JP: -.62;
95%Cl,p=[-2.57;1.34]) or control (PRE NJP - POST
NJP: MD=-1.00; 95%Cl,;p=[-2.96;.96]). . Other cogni-
tive variables were not characterized by any significant
changes (p>.05). All cognitive data obtained in the study
are described in Table 3. An additional file shows more
detailed post hoc results [see Additional file 1].
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Fig. 2 PRE/POST differences in postural stability tests. PST — postural stability tests without additional task; PSTg — postural stability test
with additional task (counting); PST, s — limits of stability test, Vcop — velocity of center of pressure, RMS,x — medio-lateral root mean square

of velocity; RMS,y — anterior-posterior root mean square of velocity; Area95 — area 95 percentile, RangeX — medio-lateral range of sway, RangeY —

anterior-posterior range of sway, JP — juggling period, NJP — non juggling period

Secondary outcomes

Participants reported statistically significant higher fre-
quency of total physical activity (AAF) during NJP than
JP (p=.03) and also in moderate physical activity (MAF;
p<.05). Nevertheless, data on both: estimated caloric
expenditure/week for all activities (ECE) and estimated
caloric expenditure/week for moderate only activities
(MECE) showed no difference at a statistically significant

level (respectively p=.06, p=.15). Table 4 shows the
detailed results of the CHAMPS questionnaire variables.

Discussion

The purpose of this study was to determine the effect of
additional juggling exercise on postural stability and cog-
nitive abilities in healthy, physically active older adults.
Twenty-one women and five men over the age of 65
participated in the study. This gender difference in the
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period

number of participants may have been due the fact that
the women more often than men take part in individual
activities rather than team activities [61, 62]. Additionally
the recruitment process, relied on a request for participa-
tion, in a Polish population, where there is a preponder-
ance of women gender among adults over 60 years of age
[63] may also contributed to this disparity.

Classical juggling is a kind of activity in which exer-
cisers need to use only the upper limbs of their body.
However, if juggling is performed in a standing position
or walking, it requires from participants proper postural
control. It is a core element within the coordination of
most skills. During juggling exercises, the whole atten-
tion is directed on the tossed utensils, not on the lower
limbs or the body posture [64, 65]. In our study, a sta-
tistically significant interaction effect of intervention
and time was observed for medio-lateral and anterior-
posterior root mean square of COP velocity and during
postural stability test with additional counting, with a
definite deterioration of medio-lateral root mean square
of velocity during the period without intervention. The

lowest and statistically significant result of anterior-pos-
terior root mean square velocity was observed at the start
of the non-juggling period, since no carryover effects
were observed during the study. Deterioration, however,
was observed for the non-juggling period, whereas for
the juggling period, it remained steady at a level similar
to the POST non-juggling period. These results allow us
to conclude that the addition of juggling even in a short
period may have a better positive impact on postural
stability than standard physical activities, especially in a
task demanding the focus of attention on other elements,
where automatic processes are more responsible for pos-
tural control.

Another interesting result of our study was for the
anterior-posterior range of sway variable. In the postural
stability test without additional task a statistically signifi-
cant main effect of intervention with a clear advantage
for juggling period was observed. Despite the absence of
the main effect of time, the mean differences suggested
that improvements in this variable occurred only in jug-
gling period. Period without additional juggling activity
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Table 4 Self-reported level of physical activity after JP and NJP (CHAMPS questionnaire)

Measure JP NJP torZ ES MD (JP-NJP)
Mean (SD) Mean (SD) (p-value) [95%Clgs] [95%Clypl

AAF/week 28.23(10.31) 31.15(9.92) -2.34 d=29 -2.92

(03)* [-.26;.84] [-5.49;-35]
MAF/week 8.42(5.04) 10.00(5.66) -2.09 d=29 -1.58

(<.05)* [-.25;84] [-3.13-.03]
ECE/week 5747.15(4123.58) 7285.81(3997.35) 1.87 d=37 -1538.67

(:06) [-17;93] [-3146.47,69.13]
MECE/week 5155.30(3729.85) 6318.70(3597.24) 1.44 d=29 -1163.40

(15) [-23;87] [-2706.02;379.23]

JP juggling period, NJP non-juggling period, t or Z t value for paired t test, or Z value of Wilcoxon test, ES effect size, MD mean difference, 95%Cls/95%Clyp — 95% of
confidence interval for effect size or mean difference, AAF all activities frequency, MAF moderate activities frequency, ECE estimated caloric expenditure/week for all

activities, MECE estimated caloric expenditure/week for moderate only activities
" p<.05

characterized by deterioration in the value of anterior-
posterior range of sway. However, these results should be
interpreted with caution.

Studies on experts and intermediate jugglers [65]
showed similar sway amplitude in postural stability of
those groups during the juggling task, but with bet-
ter posture correction in favor of experts. Addition-
ally, better juggling performance was associated with
more consistent patterns of postural stability test, such
as medio-lateral and anterior-posterior COP velocity
or medio-lateral and anterior-posterior range of sway.
Thus, better control of upper limb performance is associ-
ated with better postural control of the performer dur-
ing the task. However, there are only a few evidences [65]
on how mastering upper limb performance can improve
general postural stability on a daily basis when people
mostly maintain posture and simultaneously manipulate
objects in the upper extremities. Our results showed that
it is worth to look over this specific problem.

Additionally, our results showed moderate effect sizes
of interaction effects for COP velocity, anterior-posterior
range of sway, and anterior-posterior root mean square
velocity in the postural stability test without an addi-
tional task and COP velocity and medio-lateral COP
velocity in the limits of stability test in the study group
but without statistical significance. All of these variables
were characterized by lower values in POST juggling
period. Given the sample size of our study, these results
may indicate that juggling can improve postural control
in healthy active older adults; however, the evidence is
not conclusive.

There is a lot of evidence that physical activity can
improve postural stability in older adults [22, 66]. How-
ever, better postural stability was observed after motor
learning or development also among people of various
ages, for example, during interventions such as gymnas-
tics in children aged 7-11 and adults over 20 [67, 68] or

during circus activities in 5- to 6-year-old children [69].
Moreover, it was observed after activities with upper
limb activation as manual rhythmic movements [70] or
even rifle shooting [71]. Two years of experience in circus
activity training can improve postural control. The exper-
imental group, which participated in training for two
days a week, had better results of COP velocity, medio-
lateral and anterior-posterior COP velocity in various
conditions than the control group, which performed only
recreational activities [69]. Additionally, it was proven
that in the case of learning to juggle, coupling between
the control of posture and manual tasks decreases. It can
be understood as a better resistance to perturbations of
performers during tasks, which probably translates into
the manipulation of objects on a daily basis [70, 72]. Most
likely, the effect of juggling on postural stability would be
more pronounced for interventions among individuals
without systematic physical activity.

During cognitive ability measurements, the main effect
of time was observed in simple reaction time and num-
ber of correct answers in Cognitrone test, which may
confirm that physical activity is somewhat effective for
the maintenance and improvement of cognitive abilities.
A significant amount of research confirms that a particu-
larly moderate form of physical activity is able to improve
reaction time among older adults [73, 74], especially with
combined interventions of physical activity and cognitive
effort [75-78]. Juggling, due to the specificity of the task
and especially as a motor learning process in unexperi-
enced people, can be interpreted as a combined form of
activity [30, 34, 64, 65]. Interestingly, our results showed
a medium effect size of the interaction effect of interven-
tion and time for the variability of simple reaction time
and average time of correct acceptance in Cognitrone
test variables, with a clear advantage of POST juggling
period. It may be speculated that this specific form of
activity can have an impact on the ability to maintain
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attention over time. However, the results of our study did
not clearly establish such an effect.

Manifestations of cognitive plasticity depend on mech-
anisms of neural plasticity [23]. Nevertheless, the above
results indicated a much lower effect of juggling on cog-
nitive abilities and postural stability than studies analyz-
ing changes in brain plasticity [30, 32, 33, 39, 41-43].
Probably a higher frequency or duration of juggling inter-
vention would increase the observed effects of cognitive
abilities. However, there is a lack of studies measuring
both neuronal changes and changes in cognitive abilities
after a juggling intervention.

The range of physical activity of participants was lower
in juggling period than in non-juggling period, but the
main limitation of the CHAMPS questionnaire was that
juggling could at most be considered as “other activities”
This point, however, was not taken into account when
analyzing the level of physical activity of respondents.
This limitation reduced the questionnaire results accord-
ingly. Noteworthy, during the period in which respond-
ents marked themselves with a smaller range of physical
activity but experienced intervention in the form of jug-
gling, moderate or strong effect sizes of positive changes
were observed. The lack of statistical significance makes
it necessary to treat these premises with caution and
should be resolved in future studies.

The strengths and limitations of the study

The strength of this study was carrying out a new form
of physical activity - juggling - in the form of a training,
aiming at learning a new movement on each training.
The intervention was entirely tailored to the functional
abilities of the older adults. In addition, this was one of
the few studies that examined the effects of juggling on
cognitive function and postural stability in older adults.

This study has some limitations. Despite conducting a
minimum sample size analysis, it appears that the num-
ber of participants proved insufficient to clearly indicate
the effects of the intervention on cognitive function and
postural stability. The medium effect sizes in the absence
of obtaining statistical significance seemed to confirm
this limitation. Another problem may have been the
number of three workouts per week. This in view of the
practical aspect of the intervention was justified, but
there is still a lack of certainty if with a higher frequency
of juggling classes, the effects would be more noticeable
for active people.

Future studies that include juggling interventions
should take into account the above limitations of this
study. A larger sample would have been desirable to
obtain stronger results. Additionally, it may be easier to
observe any statistically significant changes in samples
with sedentary lifestyles or with documented disorders,

(2024) 21:15
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in which physical activity significantly helps, than in
healthy, active people. Additionally it would be valuable
to compare juggling intervention not only to control non-
exercising group, but also to other social activities not
related to physical activities such as educational groups
or film discussion session. In this case, it would be a bet-
ter solution to monitor participants’ physical activity
throughout the whole protocol, as questionnaires can
only estimate physical activity levels, whereon activity
such as juggling is unclear where to be included. For stud-
ies that consider the effects of the intervention in physi-
cally active individuals, a more accurate measurement of
the "physical activity" variable would be desirable, with
separate consideration of non-exercise activity, exercise
activity and exercises performed during the intervention.
For this purpose, the use of objective methods based on
accelerometry would seem appropriate. Additionally, fur-
ther studies should be conducted on a larger sample of
people, varying the frequency of training, and with the
separation of a group of people characterized by seden-
tary lifestyle or with mild cognitive or postural stability
impairments.

Conclusions

Juggling in the form of a new motor task in each train-
ing unit has the potential to maintain or improve postural
stability among healthy and active older adults. These
changes are particularly true for medio-lateral and ante-
rior-posterior root mean square of COP velocity variables
and, to some extent, for anterior-posterior range of sway
in a task requiring attention to be focused on other tasks.
Moreover, the addition of juggling may induce a bet-
ter effect on maintaining attention over time. A positive
effect of general physical activity on cognitive functions
was observed in the study, especially for reaction time
and number of correct answers in Cognitrone test. Nev-
ertheless, it can be indicated that it can be a good solu-
tion to recommend juggling, especially as lessons focused
on motor learning, even for healthy and physically active
older adults, expecting a positive effect. However, the
clinical relevance of these changes for healthy and physi-
cally active older adults is probably low to moderate.

Abbreviations

"PP” main effect: time (PRE/POST)

“TR" main effect: intervention (juggling/non-juggling)
95%Cleg 95% confidence interval for effect size

95%Clyp 95% confidence interval for mean difference

ANOVARM  repeated measure analysis of variance

Areads area 95 percentile

COG number of correct answers in the Cognitrone test
COGcp average time of correct acceptations in the Cognitrone test
COG¢ average time of correct rejections in the Cognitrone test
COG; Cognitrone test duration

Ccop center of pressure

CRT choice reaction time

DT decision time
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ES effect size

JP juggling period

MD mean difference

MT motor time

NJP non-juggling period

p p-value

POST after period

PRE before period

PST postural stability test

PSTc standing freely without an additional task

PSTe standing freely with an additional task

PST s limits of stability test

RangeX medio-lateral range of sway

RangeY anterior-posterior range of sway

RMS,x medio-lateral root mean square of center of pressure velocity

RMS,y anterior-posterior root mean square of center of pressure
velocity

RT reaction time

SD standard deviation

SRT simple reaction time

Veop velocity of center of pressure

VCRT variability of choice reaction time

VMT variability of motor time

VSRT variability of simple reaction time

VTS Vienna Test System

r]p2 effect size, eta partial square
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