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Abstract: Globally, we are facing the tendency of aging, and demands for health enhancement
among the older population have been steadily increasing. Among various exercise interventions,
Pilates has been popularly utilized in rehabilitation; therefore, it is considered suitable for vulnerable
populations. In this study, frail late-stage older adults (>75 years) participated in a modified Pilates
program (30 min per session, once a week for eight weeks). Age- and condition-matched Controls
were also involved as the benchmark to reveal the effect of Pilates. While only the Pilates group
participated in the exercise intervention, both groups undertook the health assessments twice (before
and after the intervention period). Assessments included: (i) falling risk based on 3D motion capture
systems and (ii) overall cognitive functions utilizing Mini-Mental State Examination and executive
function with the use of Trail Making Test-A (TMT-A). Two-dimensional mood state was also used to
measure changes in mood due to Pilates intervention. An 8-week Pilates intervention was effective
in achieving higher and symmetrical swing foot control. Dynamic balance at heel contact was also
improved by extending the spatial margin in case of slipping. Despite the trend of positive Pilates
effects on executive functions (29% improvement) confirmed by TMT-A, no significant effects were
observed for cognitive functions. Positive mood changes were achieved by Pilates intervention,
which may be the key for late-stage seniors to continue their participation in exercise programs.
While further studies with a larger sample size are essential, Pilates appears to provide adequate
exercise for the frail late-stage older population to minimize frailty.

Keywords: Pilates; falls prevention; motion capture; cognitive function; frailty; executive function;
MMSE

1. Introduction

Aging is commonly seen in many mature nations, while developing countries are
also tracing the same path. This tendency is most profound in Japan, where almost one
in three are over 65 years old, and the population of late-stage older adults (>75 years
old) is predicted to exceed 20 million by 2025 [1]. Due to the increased proportion of
seniors and the concurrent decrease in the working population, medical and nursing costs
alone already exceed the national annual revenue [1]. In addition to conventional medical
treatments, prevention and fundamental cure of healthcare issues are, therefore, urgently
demanded, particularly for the senior population. While individuals above 65 years have
been conventionally considered to be ‘old’, further sub-divisions (i.e., early-stage seniors
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65–74 years and late-stage seniors > 75 years) can clarify at which age seniors generally
start losing their healthy, independent lifestyles [2–5].

Once the health statuses of seniors decline below a certain level, engagement in regular
activities becomes increasingly challenging [6]. Preventive or rehabilitation approaches
are, therefore, somewhat underutilized for late-stage older adults due to various special
considerations required for safety precautions [7,8]. It is, however, still necessary to devise
feasible strategies for vulnerable populations with limited mobility to combat deteriora-
tion [9] because indefinite reliance on nursing care without the intention for recovery can
only result in the gradual progression of fundamental health declines [10]. For the older
population, the two major factors causing constant nursing care are falls-related injuries
during locomotion and declined cognitive functions. In other words, health enhancement
for seniors should focus on these two aspects, but, first of all, reliable assessment methods
are essential to evaluate individuals’ locomotion and cognitive functions.

Gait biomechanics utilizing 3D motion capture systems can accurately record human
movements and quantify fall risks by looking at foot motion and dynamic balance [11].
While simple locomotion tests (e.g., 6 min walking and timed up and go test) are practical,
no detailed examinations are possible to understand how their walking patterns can in-
crease fall risks [12]. Despite rather complicated settings, gait testing based on 3D motion
capture systems can biomechanically explain falling risks by characterizing swing foot mo-
tion and dynamic balance [11]. For assessments of cognitive functions, overall impairments
can be checked by Mini-Mental State Examination (MMSE), while Trail Making Test-A
(TMT-A) is a specific examination for executive functions that are highly linked with motor
behaviors [13].

By undertaking these tests before and after an intervention, changes in the health
functions of the frail senior population can be monitored, reflecting the ‘effectiveness’
of intervention strategies to prevent falls and cognitive impairments. Among various
intervention strategies available for this purpose, ‘exercise’ should be prioritized due to
the benefits for falls prevention, mental health and cognitive functions; suitability for
rehabilitation; and cost advantages and relatively less adverse side effects, if executed
appropriately [14–17]. Nevertheless, the frail late-stage senior population tends to avoid
continuous engagement into exercise due to critical physical limitations and motivation
issues. It is obvious that the safe prescription of adequate exercise is often challenging
for late-stage older adults, but lack of motivation can also discourage physically and
cognitively impaired populations from continuously engaging in exercise programs [18].

Pilates exercise was originally developed by Joseph Pilates to pursue ‘natural human
health’, and its structural operation played an important role during World War I for
wounded soldiers’ rehabilitation. Many training sequences included the use of special
equipment such as Cadillac, Reformer, and Wundachair. Mat-based Pilates is often con-
ducted in the lying and sitting postures to avoid overloading of the foot and cardiovascular
systems [19]. Unlike general exercise programs involving dynamic movements in strength
and cardio training, Pilates focuses on fine-movement control to enhance ‘core’ stability
and skeletal alignment [20], requiring less gross physical motions and is therefore more
suitable for the frail population. A breathing technique called chestic lateral breathing is
another essential practice to enhance overall circulation. Pilates requires constant concen-
tration due to its multi-tasking nature, such as when breathing, maintaining posture, and
performing finely coordinated movements, and thus may stimulate cognitive functions [21].
It is also noteworthy that previous Pilates intervention strategies revealed fewer dropout
rates compared with other exercise interventions [22,23]. Thus, Pilates may be feasible
for frail late-stage seniors. The current research assessed whether eight Pilates sessions
would reduce fall risks and benefit cognitive functions with their motivation maintained
for long-term participation.

We hypothesized that Pilates sessions would effectively reduce fall risks and improve
cognitive functions among frail late-stage older adults. In addition, low dropout rates
would be expected if Pilates intervention brought positive mood changes. The current
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research project is unique and important as it is one of the few studies that tested the
possibility of Pilates as an exercise intervention for vulnerable late-stage and frail older
adults to maintain their health and wellbeing.

2. Materials and Methods
2.1. Participants

Participants were frail late-stage older adults (>75 years old) who lost their indepen-
dence in travelling alone, performing household tasks, and managing their own finances.
Frailty was confirmed by the Kihon checklist, the official questionnaire used by health
practitioners in Japan to assess eligibility for social support required for senior citizens [24].
Participants were randomly assigned to either the Pilates group (n = 10) or the Control
group (n = 9). Group characteristics were statistically identical (Table 1).

Table 1. Group characteristics.

Biological

Pilates Control

Age (years) 83.4 ± 5.0 84.8 ± 4.3
Height (cm) 144.4 ± 4.3 148.6 ± 11.1

Body mass (kg) 48.3 ± 7.5 51.0 ± 9.9
Systolic blood pressure (mmHg) 145.8 ± 17.6 153.4 ± 22.9
Diastolic blood pressure (mmHg) 78.7 ± 11.3 84.0 ± 12.2

Pulse (beats/min) 85.8 ± 12.4 81.6 ± 9.1

Physical

Pilates Control

Right Left Right Left

Grip strength (kg) 15.8 ± 2.8 15.3 ± 3.1 18.3 ± 4.0 16.1 ± 3.3
Single leg standing (s) 8.8 ± 11.3 8.2 ± 11.5 3.4 ± 2.7 3.0 ± 1.8

Step length (cm) 8.1 ± 2.4 7.4 ± 3.0 9.3 ± 2.7 8.0 ± 2.6
Step width (cm) 10.6 ± 1.3 10.5 ± 1.3 9.3 ± 1.5 9.1 ± 1.9

Double support time (s) 0.23 ± 0.11 0.23 ± 0.13 0.26 ± 0.08 0.30 ± 0.17
Sit and reach (cm) 31.0 ± 10.4 23.9 ± 8.5

Only the Pilates group undertook Pilates exercise (30 min once a week for 8 weeks).
Prior to participation in the research, informed consent, approved and mandated by the
University of Tsukuba Research Ethics Committee (Tai 27-4), was voluntarily signed by
prospective participants and their guardians (i.e., physical therapists and family mem-
bers). Exclusion criteria included the lack of ability to understand the aim of the research,
difficulty in following the instructions, and any other severe health issues identified by
clinicians, such as physical limitations in walking due to, for example, severe osteoarthritis,
rheumatoid, Parkinsonism, and certain types of medications.

2.2. Pilates Intervention

Pilates is a conditioning method that pursues the complete harmony of ‘body, mind
and spirit’, with essential principles including ‘whole body movement, breathing, balanced
muscle development, concentration, control, centering, precision and rhythm’ [19,20]. Start-
ing with simpler movements, the intensity and complexity of exercise gradually increases
within a single session and over a prolonged period [25]. The Pilates program used in the
current study followed the above principles but was modified to accommodate physical
limitations due to frailty and is therefore better categorized as ‘pre-Pilates’ introductory
exercise to prepare for full Pilates. All exercise repertories were conducted in a sitting
position on a chair, starting with lower-body warm-up, particularly focusing on ankle
dorsiflexion, plantarflexion, and the movement of each toe (5 min), followed by upper-body
warm-up emphasizing the separate movement of the cervical, thoracic and lumbar regions



Appl. Sci. 2022, 12, 6716 4 of 12

(5 min), pelvic rocking and activation of pelvic floor and transverse abdominus (5 min),
chestic lateral breathing at various postures (5 min), modified basic exercises including
single-leg stretch, side-reach, thoracic extension (5 min), and cool-down (5 min). Further
details are described in Appendix A and the Supplementary Material.

2.3. Assessments

Both groups undertook a range of assessments before and after the 8-week intervention
period. Gait testing was conducted on the motor-driven treadmill utilizing a 3D motion
capture system (Optitrack, Naturalpoint, Corvallis, OR, USA). Due to severely impaired
motor functions, participants walked at the slowest treadmill speed (0.3 km/h). In addition
to the usual safety protocols (e.g., handrails and harnessing systems), it was necessary for
the two experimenters to constantly stand aside to ensure safety while another assistant
was fully in charge of treadmill operation in the likelihood of a potential emergency stop.

Reflective markers were attached to the following anatomical landmarks: toes (i.e.,
the superior anterior surface of the toe), heels (the proximal end of the foot), anterior
superior iliac spine (ASIS), and posterior superior iliac spines (PSISs). Pelvis center of mass
(COM) was defined by the average 3D position of two ASIS and two PSISs marker locations.
Participants were asked to walk on the motor-driven treadmill until the minimum of
20 complete stride cycles were captured at 100 Hz, then lowpass-filtered at 6 Hz prior to
analysis. Physiological data were collected as part of baseline assessment for both groups:
height, body mass, blood pressure (systolic and diastolic), pulse, grip strength, single-leg
standing and sit and reach, in addition to fundamental gait parameters, including step
length, step width, and double support time [26]. During the assessment, a medical doctor
was on site in case of any emergency situations.

2.3.1. Falling Risks

Biomechanical data included the parameter of minimum foot clearance (MFC), which
indicates the tripping risk, defined as the local minimum vertical swing toe height during
the mid-swing phase (Figure 1, left). Maintaining sufficient MFC height is the fundamental
gait adaptation to prevent tripping falls [27].
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Figure 1. (left) Definition of minimum foot clearance (MFC); (middle) MFC-B: spatial margin to
balance loss at MFC; (right) HC-B: spatial margin to balance at heel contact.

Balance was assessed at MFC and heel contact, reflecting the likelihood of balance
recovery in case of tripping and slipping. As shown in Figure 1 (right), anterior distance
from CoM to swinging of the toe indicated the spatial threshold for forward balance
loss when tripping at the MFC (MFC-B) [28,29]. In contrast, backward balance loss is
more likely due to slipping following heel contact; therefore, the posterior distance from
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CoM to the trailing foot’s heel indicates dynamic balance at heel contact (HC-B) [28,30].
Dynamic balance usually considers CoM velocity factors based on extrapolated center of
mass (XCoM),

XCoM = x + CoMvel/
√

g/l (1)

where x, g, and l, respectively, indicate CoM position, gravitational acceleration, and limb
length. In the current study, however, the late-stage frail older participants (mean = 84.1 years)
walked at a very slow speed (0.3 km/h). Therefore, velocity factors (i.e., CoMvel/

√
g/l)

were neglected, justifying the use of MFC-B and HC-B (Figure 1, right).

2.3.2. Cognitive Functions

Overall cognitive functions were assessed by Mini-Mental Scale Examination (MMSE),
conducted as a verbal test by an examiner [31]. MMSE is a questionnaire considered
valid to test for dementia. Of the total scores (i.e., 30), 23 or lower can be classified as
suffering from dementia, and 24–25 indicates ‘mild cognitive impairment’ (MCI). The
Trail-Making Test-A (TMT-A) evaluates executive function. A set of numbers (1–25) was
arranged randomly on a sheet of paper, and the participant was asked to connect lines
from 1 to 25 in numerical order as quickly as possible. The time taken to complete the task
was recorded [32]. The normative data showed 50–60 s as the standard for the healthy
age-matched population [33].

2.3.3. Two-Dimensional Mood Scale (TDMS)

For frail populations, exercise intervention can often be overwhelming, and moti-
vation issues discourage their continuous engagement, while Pilates can be relatively
feasible [34,35]. Instant mood changes after Pilates intervention were, therefore, examined
by the Two-Dimensional Mood State (TDMS), measuring the four fundamental mood
components, including ‘Vitality’, ‘Stability’, ‘Pleasure’, and ‘Arousal’ [36]. Each component
was evaluated based on 8 questions. TDMS was used immediately before and after each
session, and the average scores for both pre- and post-intervention were analyzed.

2.4. Statistical Analysis

Multiple measurements were conducted, requiring different statistical approaches.
Computed p-values less than 0.05 determined significant effects.

(i) Falling risks (MFC, MFC-B and HC-B): motion capture data distinguished the right
and left side separately; therefore, a (2 × 2 × 2 = group × limb × intervention)
repeated measure of analysis of variance (ANOVA) was employed. Any interaction
effects were further examined by Tukey’s post hoc analysis.

(ii) Cognitive functions (MMSE and TMT-A): a (2 × 2 = group × intervention) design
was applied to obtain Pilates effects.

(iii) Mood (TMTS): averaged pre- and post-intervention TDMS scores were compared by
independent t-tests in the Pilates group.

3. Results
3.1. Pilates Effects on Falling Risks

As shown in Figure 2, post-intervention showed a higher MFC for both groups
(F1,18 = 24.3, p < 0.01). Pilates intervention resulted in more symmetrical MFC control,
qualified by the group × limb × intervention interaction (F1,18 = 16.6, p < 0.01).



Appl. Sci. 2022, 12, 6716 6 of 12

Appl. Sci. 2022, 12, 6716 6 of 12 
 

3. Results 
3.1. Pilates Effects on Falling Risks 

As shown in Figure 2, post-intervention showed a higher MFC for both groups (F1,18 
= 24.3, p < 0.01). Pilates intervention resulted in more symmetrical MFC control, qualified 
by the group × limb × intervention interaction (F1,18 = 16.6, p < 0.01). 

 
Figure 2. Minimum foot clearance (MFC). 

Although both Pilates and Control groups showed a higher MFC post-intervention, 
further analysis revealed that one participant in the Control group demonstrated abnor-
mally high values (>9 cm). This participant showed ‘stomping and marching-like’ walking 
patterns with exaggerated hip flexion motions to increase MFC in post-intervention but 
not in baseline assessment. 

Table 2 describes dynamic balance at MFC and heel contact. Pilates intervention sig-
nificantly increased HC-B, confirmed by both intervention effects (F1,18 = 4.84, p = 0.041) 
and the intervention × group interaction (F1,18 = 4.58, p = 0.046). No other significant effects 
were observed. I = intervention effect, I × G = intervention × group interaction effect. 

Table 2. Dynamic balance at MFC (MFC-B) and heel contact (HC-B); significant effects indicated 
by bold letter, I = intervention effects, G = Group effects, NS standing for not significant 

Dynamic Balance 
Pre-Intervention Post-Intervention 

Effects 
Pilates Control Pilates Control 

MFC-B Right 6.7 ± 3.0 7.8 ± 2.7 4.7 ± 2.3 5.7 ± 2.6 
NS 

MFC-B Left 4.8 ± 2.5 5.9 ± 3.1 8.5 ± 2.0 5.8 ± 2.1 
HC-B Right 5.8 ± 2.6 5.5 ± 2.5 9.9I×G ± 2.7 5.5 ± 2.0 

I, I × G 
HC–B Left 5.5 ± 2.7 4.6 ± 2.5 10.5I×G ± 2.9 4.7 ± 2.0 

3.2. Pilates Effects on Cognitive Functions 
An 8-week Pilates intervention did not show significant effects on cognitive func-

tions, indicated by both MMSE and TMT-A (Table 3). However, there was a 67.5 s reduc-
tion in TMT-A in the Pilates group, while a 14.7 s increase was observed in the Control 
group. Despite the remarkable trend, this interaction was not statistically qualified. 

  

Figure 2. Minimum foot clearance (MFC).

Although both Pilates and Control groups showed a higher MFC post-intervention,
further analysis revealed that one participant in the Control group demonstrated abnor-
mally high values (>9 cm). This participant showed ‘stomping and marching-like’ walking
patterns with exaggerated hip flexion motions to increase MFC in post-intervention but not
in baseline assessment.

Table 2 describes dynamic balance at MFC and heel contact. Pilates intervention
significantly increased HC-B, confirmed by both intervention effects (F1,18 = 4.84, p = 0.041)
and the intervention× group interaction (F1,18 = 4.58, p = 0.046). No other significant effects
were observed. I = intervention effect, I × G = intervention × group interaction effect.

Table 2. Dynamic balance at MFC (MFC-B) and heel contact (HC-B); significant effects indicated by
bold letter, I = intervention effects, G = Group effects, NS standing for not significant.

Dynamic Balance
Pre-Intervention Post-Intervention

Effects
Pilates Control Pilates Control

MFC-B Right 6.7 ± 3.0 7.8 ± 2.7 4.7 ± 2.3 5.7 ± 2.6
NS

MFC-B Left 4.8 ± 2.5 5.9 ± 3.1 8.5 ± 2.0 5.8 ± 2.1

HC-B Right 5.8 ± 2.6 5.5 ± 2.5 9.9I×G ± 2.7 5.5 ± 2.0
I, I × G

HC–B Left 5.5 ± 2.7 4.6 ± 2.5 10.5I×G ± 2.9 4.7 ± 2.0

3.2. Pilates Effects on Cognitive Functions

An 8-week Pilates intervention did not show significant effects on cognitive functions,
indicated by both MMSE and TMT-A (Table 3). However, there was a 67.5 s reduction in
TMT-A in the Pilates group, while a 14.7 s increase was observed in the Control group.
Despite the remarkable trend, this interaction was not statistically qualified.

Table 3. Cognitive functions: MMSE and TMT-A.

Baseline Post-Intervention

Pilates Control Pilates Control

MMSE (points) 23.4 ± 4.1 23.4 ± 4.6 24.1 ± 4.9 23.1 ± 6.4

TMT-A (s) 297.0 ± 240.4 191.2 ± 106.1 229.6 ± 124.7 239.6 ± 113.9
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3.3. Pilates Effects on Mood

Except for Arousal, the Pilates session significantly increased the scores of all the other
mood components (3.2 points for Vitality (p < 0.01), 4.0 points for Stability, and 7.3 points
for Pleasure (p < 0.01) (Figure 3)).
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4. Discussion

The participants in the current research were confirmed to be frail late-stage older
adults (>75 years) due to limited locomotive functions (e.g., 0.3 km/h on the treadmill
and short and wide steps with long double support time) and signs of cognitive decline
(e.g., average MMSE scores of 23.4). In addition, single-leg standing scores, sit and reach
performance, and grip strength were below the healthy benchmark [33,37]. Continu-
ous engagement in physical exercise programs for frail late-stage older adults is usually
challenging, but the current study tested whether they would benefit from an 8-week
Pilates program.

A total of eight sessions (30 min, once a week) increased MFC and attained more
symmetrical swing foot clearance control, indicating a lower tripping risk [27]. Increased
MFC can be attributed to more active dorsiflexion and fine-toe control, emphasized in
the warm-up part of the program. Moosabhoy and Gard [38] reported that dorsiflexion
was the most effective lower limb joint motion to increase MFC. Chronic plantarflexor
contracture can be another cause of reduced MFC, which is prevalent in the inactive
aged population [39]. The warm-up exercise attempted to increase ankle joint range of
motion and help loosen undesirable contracture of muscles and soft tissues. Furthermore,
the tactility of each toe part was stimulated by the specific warm-up repertoire, and the
participants practiced fine-toe movement control for optimum swing foot clearance. Each
component of every exercise was conducted for both sides, resulting in symmetrical MFC
and associated reduction in the tripping risk [40].

Increased HC-B indicates greater resistance against backward balance loss when a
foot slips forward [30], possibly attributable to improvements of age-associated posterior
pelvic tilt known as ‘backward disequilibrium’ [41]. Pelvic rocking in the Pilates program
emphasized correcting undesirable pelvic tilt to help align the lumbar-thoracic region to be
more upright and to ensure a more anterior location of the CoM. In addition, activation of
the pelvic floor, followed by transversus abdominis, helped strengthen the link between
the pelvic region and the upper body. Although backward disequilibrium (posterior CoM
position) can be caused by various physical factors, co-working of the muscle groups
connecting the upper and lower body enhanced overall body coordination and stabilized
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CoM. In contrast, dynamic balance at MFC (MFC-B) did not increase, but it was attainable
if backward disequilibrium was corrected. In other words, postural adjustments may
not assist with increasing MFC-B. Overall, the Pilates sessions seemed to help reduce the
tripping risk and increase the likelihood of balance recovery in case of slipping.

The cognitive functions of late-stage frail seniors did not reveal significant improve-
ments after 8 weeks of Pilates sessions, but there was a strong trend of potential enhance-
ment in executive functions due to a remarkable reduction in the TMT-A (67.5 s). It has
recently been reported that the dual-tasking component of Pilates (e.g., breathing and
movement) can enhance executive functions [21,42]. High correlations between executive
function and flexibility were previously reported [26], suggesting that further flexibility
training may improve executive functions. Similarly, flexibility performance increasing
MFC may prevent tripping falls [26]. Corti et al. [42] reported a potential link between
executive functions and fine motor control for quick and effective pre-planning skills for
motor behaviors.

Although studies of exercise intervention for older adults generally report high
dropout rates [22], an excellent outcome was that there were no dropouts from the Pi-
lates intervention group. Based on TDMS (Figure 3), Pilates positively changed the mood
of late-stage seniors, possibly due to ease of engagement, conditioning of the mind (i.e.,
breathing, control and concentration), and a sense of participation in a group activity [19,20].
While effectiveness is essentially required for intervention strategies to enhance the health
of senior late-stage adults, it is arguably more important that they continue as a routine
activity. For safety, the current study limited intervention to 30 min per session and eight
sessions over eight weeks in total. As no dropouts were observed, increased volume
(frequency and duration) of Pilates exercise is recommended for future studies. Executive
functions measured by TMT-A, for example, showed remarkable improvements but did
not reach statistical significance. With the extended Pilates program, cognitive functions
may possibly be enhanced.

The current study was unique and important in investigating late-stage frail adults
(>75 years) with locomotive and cognitive impairments, but there are some fundamental
limitations to acknowledge. First, the sample size was small due to difficulty in recruiting
frail late-stage adults. For conclusive evidence in every aspect of the current study, a
larger sample size needed to be tested. Biomechanical assessment also required special
adaptations for the frail participants to minimize the time taken in testing. More compre-
hensive marker setups, however, particularly whole-body modeling, allowed for a better
understanding of their movement functions. Gait testing was conducted on the treadmill
at a constant 0.3 km/h across all participants. In the pilot stage of experimental design,
frail late-stage adults struggled with maintaining consistent walking patterns. Treadmill
walking was, therefore, selected to provide a constant belt speed as the external pacemaker.
Controversy, however, still exists in treadmill gait testing, especially for older adults [40].

For a sustainable aging society, reversibility of frailty among senior adults is an im-
portant topic in addition to prevention and conventional medical practice [9,10]. In the
case of Japan, locomotive and cognitive functions are considered the main determinants to
maintain independent lifestyles [24]. Healthcare science is, therefore, expected to quantify
these abilities and systematically evaluate seniors’ health, which, in turn, helps to select ef-
fective intervention strategies. While Pilates can be applied in seniors and other vulnerable
populations, there are a few fundamental challenges to mass utilization. First of all, it is
necessary to establish a method that can be operated by practitioners after the systematic
learning process. It cannot be a complete approach if Pilates effects excessively depend on
each practitioner’s skills. This issue can be overcome by establishing legitimate training
programs and qualifications [43], but, currently, there are many random and unofficial cer-
tificates that can be obtained by attending seminars for a few days. There might be certain
benefits with such short and intensive courses, but it may take years of practice before
Pilates exercise can be prescribed for vulnerable populations, including late-stage adults.
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Further research efforts are thus essential, but the current study revealed the potential
benefit of Pilates intervention for late-stage frail adults. Previous studies [35,44] supported
Pilates intervention for falls prevention among older adults based on simple assessments
(e.g., timed up and go). This study employed biomechanical research methods, and found a
reduced risk of tripping due to improved swing foot clearance at MFC and greater dynamic
balance against slipping-related balance loss. In the future, Pilates programs should focus
on fine-movement control and core training for fall-prevention purposes. Furthermore,
Pilates sessions enhanced the participants’ mood, probably due to engagement in the
exercise program. It is expected that future studies be undertaken to investigate the benefits
in various population groups.

5. Conclusions

A modified Pilates program (30 min× 8 sessions over 8 weeks) showed positive effects
on fall risks among the frail late-stage adults (mean = 84.1 years) due to increased swing
foot clearance to avoid tripping and improved ability for balance recovery against slipping.
Cognitive functions were not significantly improved, but further studies with a larger
sample size may be likely to reveal contrary findings. Pilates may be considered a potential
intervention program to enhance the health of late-stage seniors because positive mood
changes were observed after each session, which encouraged continuous participation.

Supplementary Materials: The following supporting information can be downloaded at: https://
app.box.com/s/fnbvme5xfcknsuef4kjm79gw6ohj92b5, Video about the Pilates program used in the
current study.
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Appendix A

No Contents Detail Reps
1. Warm-up: Lower Body (3 min) Position: Seated

A Toe mobility toe loosen (flex/extension/close-open) 3 each

B Ankle joint mobility dorsi flexion/planter flexion/rotation 3 each

C Calf massage from ankle joint to knee 3

D Hip mobility flex/extension/rotation 3

E Knee mobility flex/extension ※with towel 3

https://app.box.com/s/fnbvme5xfcknsuef4kjm79gw6ohj92b5
https://app.box.com/s/fnbvme5xfcknsuef4kjm79gw6ohj92b5
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No Contents Detail Reps
2. Warm-up: Upper Body (2 min) Position: Seated

A Spine mobility flex/extension/rotation/lateral flexion 2 each

B Shoulder stretch retraction/protraction/elevation/depression/
upward rotation/downward rotation 2 each

C Face stretch clasp and unclasp face/tongue out 3 each
3. Core activation (5 min):
dModified Pilatesc Position: Seated

A Pelvic rocking Front-back/left-right/rotation 3 each

B Core activation

(1) confirming correct alignment of
ischium/pubis/coccyx
(2) set up ischium and extend spine
toward ceiling
(3) activating pelvic floor muscles
(4) raise center of gravity (5–10 s)

2

4. Breathing (5 min):
dModified Pilatesc Position: Seated/Child pose

A Diaphragmatic
breathing

Seated:
inflate stomach when breathing 3

B Breathing on the
back

Child pose:
breathing towards back 3

C Lateral
breathing

Seated:
set pelvis to neutral position, continue
applying abdominal pressure, spread
rib cage

2

5. Walking Exercise (3 min):
dPitagoc tm Position: Standing

A Standing on toe/heel stand against wall and activate core
shift weight back and forth 5

B Standing one leg stand against wall and activate core
raise one leg and hold for 5 s 3 each

C Tandem stretch line up right and left foot on line
shift weight slowly back and forth 2 each

6. Warm-down (2 min) Position: Seated
A Tapping awaken sensory nerves 1

B Deep breath breath deeply with movement of arms 3
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