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ARTICLE INFO ABSTRACT
Keywords: Background: Exercise is recommended as the first-line management for knee osteoarthritis (KOA); however, it is
Clinical trials difficult to determine which specific exercises are more effective. This study aimed to explore the potential
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Knee osteoarthritis pendulum therapy (KOAPT)

mechanism and effectiveness of a leg-swinging exercise practiced in China, called ‘KOA pendulum therapy’
(KOAPT). Intraarticular hydrostatic and dynamic pressure (IHDP) are suggested to partially explain the signs and
symptoms of KOA. As such this paper set out to explore this mechanism in vivo in minipigs and in human vol-
unteers alongside a feasibility clinical trial. The objective of this study is 1) to analyze the effect of KOAPT on
local mechanical and circulation environment of the knee in experimental animals and healthy volunteers; and 2)
to test if it is feasible to run a large sample, randomized/single blind clinical trial.

Methods: THDP of the knee was measured in ten minipigs and ten volunteers (five healthy and five KOA patients).
The effect of leg swinging on synovial blood flow and synovial fluid content depletion in minipigs were also
measured. Fifty KOA patients were randomly divided into two groups for a feasibility clinical trial. One group
performed KOAPT (targeting 1000 swings/leg/day), and the other performed walking exercise (targeting 4000
steps/day) for 12 weeks with 12 weeks of follow-up.

Resuits: The results showed dynamic intra-articular pressure changes in the knee joint, increases in local blood
flow, and depletion of synovial fluid contents during pendulum leg swinging in minipigs. The intra-articular
pressure in healthy human knee joints was —11.32 + 0.21 (cmH20), whereas in KOA patients, it was —3.52
+ 0.34 (cmH20). Measures were completed by 100% of participants in all groups with 95-98% adherence to
training in both groups in the feasibility clinical trial. There were significant decreases in the Oxford knee score
in both KOAPT and walking groups after intervention (p < 0.01), but no significant differences between the two
groups.

Conclusion: We conclude that KOAPT exhibited potential as an intervention to improve symptoms of KOA
possibly through a mechanism of normalising mechanical pressure in the knee; however, optimisation of the
method, longer-term intervention and a large sample randomized-single blind clinical trial with a minimal 524
cases are needed to demonstrate whether there is any superior benefit over other exercises.

The translational potential of this article: The research aimed to investigate the effect of an ancient leg-swinging
exercise on knee osteoarthritis. A minipig animal model was used to establish the potential mechanism under-
lying the exercise of knee osteoarthritis pendulum therapy, followed by a randomised, single-blind feasibility
clinical trial in comparison with a commonly-practised walking exercise regimen. Based on the results of the
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feasibility trial, a large sample clinical trial is proposed for future research, in order to develop an effective

exercise therapy for KOA.

1. Introduction

Knee osteoarthritis (KOA) is one of the major skeletal disorders that
causes activity limitation, joint pain, physical disability, excessive
medical use, and poor quality of life but has no known cure [1-3].
Conventional knee joint replacement may only partially improve patient
daily activity [4].

There is strong evidence that exercise is beneficial in increasing
mobility and decreasing pain of KOA [5-7]. Strengthening exercise is
therefore recommended as the first-line management of KOA [2,8,9].
However, increasing the exercise people undertake is only sometimes
successful [10-12], this may be partly due to limited access to appro-
priate training by health professionals, support of the exercise and fa-
cilities to ensure effective and safe exercises [13-15]. The complex
interaction between a patient’s beliefs and preferences, pain, and exer-
cise has been extensively studied and summarised in a Cochrane review
in 2018 [15]. There is an urgent need to provide innovative exercises
that are easily accessible, effective and convenient for practice, and safe
to use.

In China, pendulum swinging of the legs has been recorded in the
literature to reduce knee pain for thousands of years [16]. This method
has been re-introduced recently and has been undertaken by people with
osteoarthritis of the knee; it is thus an optional exercise intervention, but
its mechanism and effectiveness have yet to be systematically studied.
Pendulum swinging of the leg may reduce mechanical com-
pression/loading of the knee, and improve joint circulation, but
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experimental studies are lacking [16].

Consequently, we wished to investigate 1) whether there was
experimental evidence to support the mechanism underlying this
method; 2) whether there was sufficient evidence of benefit compared to
the usual walking exercise to warrant a large trial. Experiments were
performed in vivo using both a miniature pig model and human volun-
teers, and the clinical trial protocol of our study is available online. The
experimental design is shown in Fig. 1, and the results are reported
herein.

2. Methods
2.1. In vivo experiment

2.1.1. Experimental animals

Ten BAMA miniature pigs were purchased from Hubei Yizhicheng
Biotech Ltd. and kept at Hubei Provincial Laboratory Animal Public
Service Centre during the in vivo tests. This experiment was approved by
Hubei Yizhicheng Biotech and Hubei Province Laboratory Animal Public
Service Centre (IACUC Issue NO. WDRM-202111002) and all experi-
mental procedures were carried out in accordance with provincial
regulation of experimental animals.

BAMA minipigs were intubated with isoflurane gas anaesthesia, with
ECG and blood oxygen saturation monitoring throughout the experi-
ment using a high-frequency electrosurgical unit (Kangwei CV-2000D,
Beijing Kangwei Electronic Technology Co., Ltd.). The pigs were then
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Fig. 1. The design of the study. A, In vivo study of the intraarticular hydrostatic pressure of the knee and the effect of leg swinging on the intraarticular dynamic
pressure, synovial blood flow and depletion of synovial fluid contents. B1, intra-articular hydrostatic pressure of healthy volunteers and KOA patients, and intra-
articular dynamic pressure of healthy volunteers. B2, a randomised, single-blind feasibility clinical trial.
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fixed on a custom-made animal leg swing bracket in the prone position.
The hair of the hind limbs was clipped and the skin was sterilised using
an iodophor. A portable intelligent Doppler ultrasound detector
(MyLab™ Gamma, Esaote, Genoa, Italy) was used to locate the joint
cavity penetrating point at the anterolateral side of the knee joint.

2.1.2. Intraarticular knee joint static and dynamic pressure

To measure the intraarticular knee joint hydrostatic and dynamic
pressure, a sterile pressure transducer (YPJO1H, Chengdu Instrument,
Chengdu, China) was connected to a 5-gauge syringe needle to zero the
level at the marked site of the knee, then the needle was inserted about
30 mm vertically from the marked site into the joint cavity. The pressure
of the static knee joint cavity was recorded, followed by slowly flexing
the hip joint forward and backward, and the dynamic pressure in the
joint cavity was also recorded.

2.1.3. Synovial blood flow

A surgical incision was made to expose the synovium of both knees
and sensors of a laser Doppler blood flowmeter (PeriFlux 5000, Perimed,
Jarfalla, Sweden) were stitched to accessory fascia of the synovium, then
the skin wound was sutured. Miniature pigs were placed prone and fixed
on a custom-made leg swing aluminium frame to support the pig’s
forelimbs without affecting the movements of the hind limbs. The initial
blood flow value of the synovium was recorded.

To mimic active leg swinging, two acupuncture needles (0.30 mm in
diameter, 75 mm in length) were inserted into the biceps femoris muscle
of the right leg to a depth of 40 mm and connected to a low-frequency
electronic pulse therapy Instrument (G6805-1A, Shanghai Huayi Medi-
cal Instrument Co., Ltd.). Electrical stimulation of 1 HZ, 4 mA was
applied to produce leg pendulum swinging at a frequency of 50 times/
min for 6 min (Fig. 1A). The left leg without stimulation was used as
control.

To mimic passive leg swinging, a custom-made automatic leg swing
control device with a metal rod fixed at the skin posterior midsection of
the right femur was used to push the leg forward and back by a motor, at
a frequency of 50 times/min for 6 min (Fig. 1A). The left leg without
stimulation was used as control.

Synovium blood flow was recorded from both knee joints, starting at
30 s after the completion of the 6-min leg swing, and every 30 s there-
after for 10 min. The pendulum swing and local synovial blood flow
were repeated three times with a 10 min interval between each time.

2.1.4. Synovial gadopentetate meglumine depletion

Three miniature pigs were subjected to passive leg pendulum
swinging as described above (Fig. 1A). Instead of surgical implantation
of a blood flow sensor, 2 mL (0.94 g) of gadopentetate meglumine
(Shanghai Xudong Haipu Pharmaceutical Co. Ltd., Shanghai, China) was
injected into the knee joint cavity. To observe the gadopentetate
meglumine depletion from synovial fluid, one pig was given a left knee
injection and then underwent left leg swinging (L-L), one was given a
right knee injection then underwent left leg swinging (R-L), and another
was given a left knee injection without leg swinging of either leg (con-
trol). The leg swing time was 6 min for each animal. Blood samples were
collected before and 3 min after leg swing, and every 3 min thereafter for
60 min. The blood samples were centrifugated to separate serum. The
concentration of gadopentetate meglumine was quantified using an
inductively coupled plasma mass spectrometer (Nexion350x, Perkin
Elmer, Waltham, MA, USA).

2.2. Intraarticular knee joint static and dynamic pressure of human
volunteers

2.2.1. Subjects and methods

Clinical studies were performed at the Department of Orthopaedics,
Central Theatre General Hospital of the Chinese People’s Liberation
Army. All research protocols were approved by the Medical Ethics
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Committee of the hospital [(2021)052-01].

2.2.2. Intraarticular knee joint static and dynamic pressure

A total of ten subjects were enrolled between September 2021 and
May 2022, including five healthy volunteers and five KOA patients with
informed consent. However, only 6 samples were successfully completed
the measurement. The demographic information of these participants is
shown in Table 1.

A portable intelligent Doppler ultrasound detector (MyLab™
Gamma, Esaote) was used to locate the joint cavity penetrating point at
the anterolateral side of the knee joint.

After local anaesthesia using 0.1 g (5 mL) of 1% lidocaine (Tianjin
Jinyao Pharmaceuticals Co. Ltd., Tianjin, China), needles were con-
nected to the pressure transducer to record the synovial static pressure
for both healthy volunteers and KOA patients.

A disposable indwelling needle (18G x 29 mm/Y-G, Weihai Jierui
Medical Products Co. Ltd., Weihai, China) was then inserted into the
knee joint cavity to replace the metal needle for local anaesthesia, and
the indwelling needle was connected to the pressure transducer and
securely fixed on the skin. The subjects stood with their support leg on a
15 cm wooden platform, while their swing leg connected to the pressure
transducer was suspended in a neutral position and the pressure was
zeroed at this position. The subjects then performed a pendulum leg
swing exercise (Fig. 1). The hip joint was flexed forward between 45 and
60° and extended backwards at 15-20°, forming a cycle of one swing.
The dynamic pressures in the forward, vertical, and backward position
were recorded only in the healthy volunteer group.

2.3. Randomised, single-blind controlled clinical feasibility trial

2.3.1. Trial design

This was a pilot randomised, controlled trial. It was registered with
the Chinese Clinical Trial Registry (number: ChiCTR2100051275),
received ethical approval from the Medical Ethics Committee of the
General Hospital of the Central Theatre of the PLA on October 21, 2021
(Registration number: [2021]052-01), and the protocol is submiited for
publication (under review). Wuhan FL Medical Science & Technology
Ltd. funded the research. There were no secondary sponsors.

Patient recruitment started on November 3rd, 2021, and the last
follow-up data collection was in July 2022. This paper adheres to the
CONSORT guidance [17].

The study was undertaken as outlined in the protocol and in the trial
registration, and only the main points are outlined here.

Patients were recruited from among inpatients and outpatients
attending the Orthopaedic department of the Central Theatre General
Hospital of the PLA, Wuhan. Some patients were recruited through
publicity in the community. All patients were given information about
the trial at first contact and, if interested, saw a clinician who provided
more information, answered questions and obtained consent if the pa-
tient was eligible.

2.3.2. Inclusion criteria
To be included the patient had to be aged 18 years or older with a
clinical diagnosis of KOA in one or both knees. If both knees were

Table 1
Demographic information of the health volunteers and KOA patients (mean +
SE).

Health volunteers KOA patients

Gender Male Female Male Female
1 2 2 1
Age 45 + 2.51 56 +1.73"
VAS scale 0 3.67 + 1.20"
p < 0.05
? t-test
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affected, data from the more affected side was collected.

2.3.3. Exclusion criteria
Patients were excluded if they.

had additional knee pathology such as joint dystrophy, infected joint,

rheumatoid arthritis, osteonecrosis, cruciate ligament injury or post-

traumatic arthritis.

had had hip or knee replacement surgery or tibial osteotomy.

had used steroid medication orally over the previous month or

injected within the last three months.

e had a neurological or mental disorder affecting cognitive ability
sufficiently to reduce participation in the exercises and/or the
research.

e were pregnant, anticipating becoming pregnant, or breastfeeding.

e had a body mass index of 36 kg/m? or above.

2.3.4. Randomisation

Before the trial started, a series of consecutively-numbered opaque
envelopes were filled with a group allocation using a random number
generator in a 1:1 ratio, and then sealed. Every patient recruited and
giving consent was registered by a researcher in the research office, who
then opened the next numbered envelope and informed the treating
researcher of the patient’s group allocation.

2.3.5. Intervention

All patients were allowed to continue with their pharmacological
treatments. The allocated treatment was used for 12 weeks; patients
were free to do as they wished after that point.

One group were taught pendulum therapy. In short, they were asked
to stand on the better leg on a 15 mm raised platform, using support as
they wished, while swinging the other leg forward between 45 and 60°
and backward about 15-20° from vertical in each direction (Fig. 1 and
supplement 3, KOAPT video). They were asked to swing it at a rate
between 30 and 50 swings/minute as a guideline.

The target for swing exercise was 1000 swings/day for each leg ac-
cording to literature and previous report [16]. However, for many pa-
tients who did not have a training period, it was very difficult to meet the
target at the beginning. We had a small-scale pre-trial to find out that it
was relatively easy to start from 300 swings/leg/day with gradual in-
creases at 100 more swings each week until they meet the target, and
they were given a gradually increasing schedule as shown in Table 2.

The other group were asked to undertake additional, therapeutic
walking also using a gradually increasing schedule as shown in Table 2.

All patients, both in KOAPT and walk group were fitted with two
accelerometers (BWT61CL, WIT-motion, Shenzheng, China) at each foot
to record either the walking steps, or swing cycles of the legs. Patients
were instructed to switch on the pedometers before exercise and switch
off at the end. The data were saved in a SD card of each pedometer and
collected and downloaded by researchers every week. Each patient was
allocated a dedicated researcher who would provide training for the
KOAPT/walk, the fitting and use of pedometers. The researcher visited
the patients once a week for inspection, troubleshooting, and SD card
downloading.

All patients were told that they could undertake additional therapy
(walking or pendulum therapy as allocated) if they wished and were
reassured that therapy could be split into two or more sessions in the
day. The walking group were asked not to undertake pendulum therapy
while in the trial.

Journal of Orthopaedic Translation 45 (2024) 266-276

2.3.6. Pendulum swing exercise record

To monitor the exercise of each patient, all patients were also taught
how to fit an accelerometer during their exercise, and were asked to
record in a diary how much exercise they undertook each day and any
other comments including adverse effects noticed.

2.3.7. Clinical measurement

Data of Oxford knee score (OKS), knee pain, muscle strength, 30 s sit-
to-stand test, 6-min walking and 10 m walk gait analysis were collected
at baseline and at 12 weeks, while additional OKS and knee pain data
were collected at 24 weeks as follow-up by researchers who did not
know the patient allocation. All baseline and 12-week data were
collected at the hospital. Fig. 7 the SPIRIT figure, shows the data
collected at each time point [18]. It is notable that the 24-week data was
only the OKS which was collected by telephone. Data about compliance
was also collected weekly, using a score system from 0 to 10, where 0 is
no exercise and 10 is full exercise according to the protocol. This was
undertaken by researchers who visited patients at home to download
data from the accelerometers; they could offer support, advice, or in-
formation if requested.

The following demographic and clinical information was extracted
from the clinical record.

e gender, age, weight in kilograms, height in centimetres, estimated
age of onset
e Kellgren-Lawrence X-ray grading of the most affected knee [19].

The following clinical data were collected when the patient visited
the hospital by researchers unaware of the patient’s group.

e Pain, measured from O to 10 on a numerical rating scale from 0, “no
pain”, to 10, “worst pain”. [20].

Oxford Knee score [21,22].

Six-minute walking distance, measured in a gym or corridor [23].
30-s sit-to-stand test [24].

strength of the quadriceps muscle, using a hand-held dynamometer
[25].

e gait kinematics using a triaxial accelerometer [26].

In addition, data were collected on the feasibility and experience of
(a) the allocated treatment and (b) the research processes. The data
included.

Forward Vertical backward

Intraarticular dynamic pressure (cmH:0)

Fig. 2. Dynamic pressure changes of knee joint pressure during leg pendulum
swinging (mean + SE, unit: cmH;0).

Table 2
Minimum daily exercise/intervention and daily target with gradual increases.
Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8
Walking group (steps/day) 1200 1600 2000 2400 2800 3200 3600 4000
KOAPT group (swings/leg/day) 300 400 500 600 700 800 900 1000
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recruitment rate to the study and reasons for non-participation
adverse events

recording missing data from each measure at each point for both
intervention arms

recording how many patients dropped out, when and if a reason was
given, why

reviewing comments within treatment diaries

recording degree of reported adherence to the exercise intervention
reviewing the data collected during treatment sessions from the ac-
celerometers or pedometers

Most data were initially recorded on paper, delivered to the research
office, and transferred to a computer database (SAS).

There are no data available to allow an estimate of the relative effect
size of the comparator intervention (pendulum swinging of the leg).
Sample sizes between 24 and 50 are recommended for feasibility studies
to estimate standard deviations in measures for use in a future sample
size calculation for fully powered testing [27,28]. A total sample size of
50 allowed us to estimate a drop-out rate of 80% to within a 95% con-
fidence interval of + 11% [7,12]. A sample of 50 will also allow for
process and feasibility issues to be explored, emphasising the context
and mechanism of using the system (data collection and feedback). This
sample size is supported by other empirical work [29].

2.4. Statistical analysis

All data are presented as mean + SD. Microsoft Excel (Microsoft Inc.,
Seattle, WA, USA) was used to perform t-tests for intraarticular pressure
analysis. SAS software (SAS Institute, Cary, NC, USA) was used for
analysis of variance (ANOVA) of dynamic pressure and blood flow
analysis, and a linear mixed model (LMM) was used for clinical feasi-
bility trial results including OKS and gait data (supplement 1). A value
of p < 0.05 was set as statistically significant.

Power analysis was performed based on the results of a feasibility
trial to predict sample numbers for a large sample clinical trial. Detailed
calculation is shown in supplement 2.

3. Results
3.1. 1. In vivo experiment

3.1.1. Intraarticular knee joint static and dynamic pressure
The intraarticular knee joint static pressure of minipigs was —11.90

—e— Active swing

N W A~ U O N ®

Fold increase of synovial blood flow

Control-

A
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+ 2.66 cmH30, which shows a negative pressure.

Pendulum swinging of the legs by flexing the hip joint forward and
extending it backward moved the knee join forward and backward. This
movement caused dynamic changes of the dynamic pressure of the knee
joints, on average between 3.40 £+ 0.32 and —3.24 + 0.23 cmH3O.
(Fig. 2)

Due to technical difficulty, it was not possible to provide sufficient
data of joint pressure post-swing exercise for analysis.

3.1.2. Synovial blood flow

Knee synovial blood flows post pendulum swinging of the legs are
shown in Fig. 3. Both active swinging and passive swinging increased the
relative synovial blood flow 7- and 5-fold respectively immediately after
the pendulum swing movement, which was significantly higher than
control legs (p < 0.05). In 3-4 min the blood flow reduced to around 1
fold compared before leg swing. There were no significant differences
between active and passive leg swing on the effect of stimulating sy-
novial blood flow.

3.1.3. Synovial gadopentetate meglumine depletion

The effect of leg pendulum swinging on depletion of the synovial
contents in the knee joint cavity is shown in Fig. 4.

For the L(Ga)-L(Swing) group that started left leg swinging imme-
diately after gadopentetate injection into the left knee joint cavity, the
gadopentetate was rapidly depleted and released into the bloodstream at
the end of the first swing and reached a peak at the end of the second
swing movement. Both control (no swing in either leg) and L(Ga)-R
(swing) that started left leg swing immediately after gadopentetate in-
jection into the right knee joint cavity, animals showed slow release of
gadopentetate into the blood at 6 min. At the second swing the gado-
pentetate in L(Ga)-R(swing) group slowly increase and peaked at 42 min
post-injection; whereas the control group remained slow depletion of
gadopentetate till 60 min post-injection.

3.2. Intraarticular knee joint static and dynamic pressure of human
volunteers

The intraarticular static synovial pressure in healthy volunteers and
KOA patients is shown in Fig. 5. Healthy volunteers (—11.32 + 0.21
cmH30) demonstrated lower intraarticular pressure compared to KOA
patients (—3.52 + 0.34 cmH>0, p < 0.05).

The dynamic intraarticular pressure of the knee in healthy volunteers

Passive swing Control-P

10

12

Fig. 3. The effect of leg pendulum movement on knee synovial blood flow immediately after a 6-min exercise by electrical stimulation (Active swing) group, the no
leg exercise in the same animal (Control-A); or 6 min exercise by mechanical pushing (Passive swing) and the no exercise leg in the same animal (Control-P). There
were 7- and 5-fold increases of knee synovial blood flow 30 s after exercises in both the active and passive swing groups in comparison with their respective control
groups (p < 0.05). The increases of synovial blood flow recovered to less than a 2-fold increase in 3.5 min.
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Fig. 4. The effect of leg pendulum movement on potential synovial content depletion. Control, control group with gadopentetate meglumine injection without
exercise. L(Ga)-L(Swing), gadopentetate was injected into the left knee joint cavity followed by 2 x 6 min left leg pendulum movement. L(Ga)-R(swing), gado-
pentetate was injected into the left knee joint cavity followed by 2 x 6 min right leg pendulum movement. Gadopentetate injected into the knee joint cavity was
rapidly depleted and released into the blood at the end of the first swing and reached a peak at the end of the second swing movement. Both control and L(Ga)-R
(swing) animals showed slow release of gadopentetate into the blood at 6 min. At the second swing the gadopentetate in the L(Ga)-R(swing) group slowly increased

and peaked at 42 min, whereas the control group maintained a slow release.

is shown in Fig. 6. During leg swinging, the dynamic pressure oscillated
between positive and negative.

3.3. Randomised clinical trials

3.3.1. Demographic data
A total of 174 participants were recruited. Following pre-screening,
50 patients were accepted, provided informed consent, and rando-
mised for this trial. The flow of patients is shown in Fig. 7.
Demographic data are shown in Table 3.

3.3.2. Pendulum swing exercise record

The target for swing exercise was 1000 swings/day for each leg. Two
accelerometers were used to record how many swings a patient per-
formed daily. The patients were suggested to start from 300 times per leg
per day to get used to the exercise, and gradually increase to meet the
target of 1000 swings/leg/day (Table 2).

A total of 4698 recordings of swing activity in the KOAPT group were
recorded in 26 participants ( Fig. 8)

On average participants performed 749.2 swing cycles per day
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Fig. 5. Healthy and KOA joint pressure (mean + SE, unit: cmH50).
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Fig. 6. Dynamic pressure changes of knee joint pressure during leg pendulum
swinging of healthy human volunteers (mean =+ SE, unit: cmH50).

(range: 372.7-1078.2 cycles), for 17.8min (range: 8.5-23.9 min) per leg.

On 16% of intervention days, participants decided to split their daily
targets up into more than one session (range 2-6 sessions/day).

Group averages showed an increase of 7.1 swings per day (R?> =
0.80), whereby the target of 1000 swings per day was achieved by day
58. (Fig. 8)

Table 4 shows the mean and standard deviations of all major vari-
ables between control and KOAPT groups.

The OKS evaluates knee function and provides a composite score
based on pain, function, and daily activity. Both the KOAPT group and
the control group showed significant improvements in pain, function,
and daily activity over the 12 week-intervention and the 24-week
follow-up (p < 0.001); however, there was no significant difference
between the two groups.

A visual analogue scale (VAS) score is a visual pain scale from 0 to
10. Both the KOAPT group and the control group showed significant
improvement over the 12 week-intervention (p < 0.001), yet there was
no difference between the two groups.

Gait analysis over a 10-m walk was used to evaluate the walking
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Timeline

Week 0: Baseline

Week 6: meddle n=24

. Oxford knee score
term evaluation
Knee pain (VAS)

Muscle strength
Gait (10 meter walk)

30-second Sit-to-Stand test
6 minute walking distance

n=24
Week 12: end of Oxford knee score
trial evaluation Knee pain (VAS)
Muscle strength
Gait (10 meter walk)
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Total Recruitment:
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-
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Baseline assessment: 50
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v

n=26
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Muscle strength
Gait (10 meter walk)
30-second Sit-to-Stand test
6 minute walking distance
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n=26
Oxford knee score
Knee pain (VAS)
Muscle strength
Gait (10 meter walk)

30-second Sit-to-Stand test 30-second Sit-to-Stand test
6 minute walking distance 6 minute walking distance

Week 24: follow-up n=24
Oxford knee score
Knee pain (VAS)

n=26

Oxford knee score
Knee pain (VAS)

Fig. 7. The flow of patients in the trial.

speed, cadence, and stride length while walking ten metres. There were
significant differences between control and KOAPT groups in walking
speed and step time (p < 0.05) and between the two groups over time in
step length (p < 0.01). However, these differences were variable and not
consistent across the gait parameters.

The 6-min walking tests demonstrated identical and consistent re-
sults of 10 m walking. Only 10 m walking analysis is provided.

Muscle strength and other parameters showed similar trends to the
OKS and there were no significant differences between the KOAPT and
control groups.

Data on compliance with pendulum swinging exercise was available
for all 50 patients at 6 weeks and 12 weeks. All patients complied with
the protocol, and there were no differences between the two groups.

All additional pharmacological and other treatments during the
course of the clinical trial were recorded and shown as Table 5. It is
interesting to see the reduced use of additional interventions over 12
weeks.

All adverse events, causes and treatments are shown in Table 6. The
most common symptoms were lower back pain in six patients. Pain and
soreness of the buttock, thigh and knee were also common. Some

patients also experienced other pain or soreness in the hip, instep, calf or
ankle. All adverse events either recovered or improved after rest or
treatment.

This clinical trial demonstrated good adherence as all participants
completed their interventions and follow-up without any case who
dropped out.

3.4. Prediction of sample size for a large sample clinical trial

Based on the feasibility clinical trial results, we selected the change
in OKS total score between baseline and 24-week follow-up to predict
the minimum sample number for the next large-sample clinical trial with
the potential to reveal differences between these two groups.

The standard deviation of the difference between the overall OKS
scores of the two groups at 24 weeks and at baseline was 5.757869 when
combined. With a confidence error of 1.6363684, using the standard
deviation as the variability index and the confidence error as the
allowable error, and with a test power of 0.9 and a group ratio of 1:1, the
minimum required total sample size calculated was 524 (Supplementary
Table 1).
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Intervention Leg Swings

2500

2000

1500

Leg Swings [#]

1000

Days since start intervention

Fig. 8. The number of swings for all participants as an average with associated 95% confident intervals, whereby across all KOAPT group participants, the target of
1000 swings per day was, on average, achieved by day 58, with a group average increase of 7.1 swings/day (R? = 0868).

Table 3
Demographic data (number or mean + SD).

Control (n = 24) KOAPT (n = 26)

Age (years) 52.83 +£1.84 57.35 + 2.24
Gender Male 9 6
Female 15 20
KL 0 1 0
1 11 13
2 9 10
3 3 1
4 0 2
Side of KOA Left 5 4
Right 5 3
Bilateral 16 17

4. Discussion

The knee joint intra-articular static pressures of both minipigs and
healthy humans were found to be negative under normal conditions.
However, they varied three-fold between healthy and KOA patients,
with the value in healthy individuals being —11.32 + 0.21 cmH30,
whereas in KOA patients, it was —3.52 £ 0.34 cmH30 (p < 0.05). During
pendulum leg swing exercise, there were also dynamic intra-articular
pressure changes in the knee joint in both humans and minipigs,
demonstrated as oscillation between positive and negative pressure. In
minipigs, both passive and active pendulum swings increased synovial
local blood flow based on adjusted O points. Interestingly, pendulum
swinging helped the depletion of synovial fluid content not only in the
swing leg but also in the leg at rest. Thus, it supports the potential for our
hypothesis that an altered mechanical environment in patients with OA
is associated with clinical outcomes.

In the feasibility study there was excellent completion of measures
and good adherence to the training program achieving our success tar-
gets. The feasibility clinical trial showed that both walking and KOAPT
exercises significantly reduced the pain of KOA, even though there were
no significant differences between the two groups in terms of the OKS
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and most gait analysis parameters. However, the significant improve-
ment of walking speed, step length and step time in the KOAPT group
over the control group suggests the potential for a positive effect and
highlights the need for a fully powered trial. Our findings are important
as they provide evidence for a possible mechanism and support the
potential use of this ancient approach for symptom management in OA.

The KOAPT group showed a steady step length and reduced step time
over 12 weeks, while the control group showed reductions in both step
length and step time, and consequently the walking speed in the control
group decreased and ultimately was lower than the KOAPT group.

Pain is the most common symptom of KOA and is the key driver of
disability and negative impact on quality of life [30]. However, the
mechanism involved in OA pain is complex. It is well known that
articular cartilage of the knee joint is not innervated; therefore, the pain
more likely originates from subchondral bone [31,32] and surrounding
soft tissue such as synovium [33].

Recently, inflammation-predominant OA has been recognised as an
important clinical type of OA [34,35]. OA synovitis is found early in OA,
and has been suggested as a cause of pain, structural damage, and
progression of OA [36,37].

One important component of OA pain is mechanical pain [38,39].
Excessive mechanical loading, including intraarticular pressure within
the joint and surrounding tissue is another cause of knee pain [38,40,
41]. Cartilage, bone and synovial cells are all rich in mechanical sensor
molecules [42] which can interact with sensory nerves [43].

The sensory nerves in the knee joint are believed to be free terminals
of unmyelinated C fibres, and they are present in all structures of the
joint except the cartilage. Mechanical and chemical stimuli activate
these sensory nerves under pathological conditions such as inflamma-
tion. They are also sensitised by increased intra-articular pressure and
local chemical changes [38].

Joint pain has a major effect in preventing patients from partici-
pating in weight-bearing activities and exercise. However, KOA patients
may also experience pain, discomfort, and stiffness at rest. Previous
research mostly focussed on mechanical loading from weight bearing
and movement, and little attention has been paid to the effect of
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Table 4
Data of the feasibility clinical trial at four time-points in the two groups (mean + SD) and linear mixed model (LMM) statistical analysis.
KOAPT (n = 26) Control (n = 24) Pvalue
Weeks 0 6 12 24 0 6 12 24
Variable
Oxford Knee Score Total 22.04 +7.7 19.92 + 4.9 16.53 + 3.5 17.38 = 18.87 £ 6.1 16.91 + 4.8 16.41 + 4.2 16.21 + e
5.3 3.9
Pain 10.57 + 3.2 8.08 £ 2.3 7.58 +£ 1.6 7.96 + 3.0 8.75 + 3.0 8.00 + 2.5 7.29 + 2.0 7.25 + 1.7 ok
Daily Activity 11.46 + 4.9 9.85 + 2.9 8.96 + 2.1 9.42 + 2.6 10.12 + 3.4 8.92 + 2.6 9.12+ 2.3 8.96 + 2.5 e
Visual Analogue score - pain 412 +1.9 2.46 + 1.0 1.96 £ 1.0 — 3.46 £ 1.9 2.46 + 1.6 225+1.5 — bkl
Ten metre walk
Speed (m/s) 1.14 £ 0.2 1.23 +£0.2 1.24 £ 0.3 — 1.29 £ 0.2 1.38 £0.3 1.24 £0.2 — NS
Cadence Steps/minute 115.4 +£ 21.2 136.8 &+ 34.2 130.6 &+ 39.0 — 127.5 + 31.0 158.0 & 43.2 142.3 + 44.5 — e
Walking Speed (m/s) 1.1+0.2 1.2+0.2 1.2+0.3 — 1.3+0.2 1.4+0.3 1.2+0.2 — &
Stride length (m) 1.30 £ 0.14 1.28 +£0.13 1.29 + 0.15 — 1.35+0.17 1.31 £0.13 1.25+0.14 — NS
Step length Left (m) 0.665 + 0.668 + 0.686 + — 0.692 + 0.713 £ 0.01 0.644 + — @@
0.067 0.085 0.008 0.083 0.056
Step length Right (m) 0.685 + 0.687 + 0.682 + — 0.685 + 0.09 0.692 + 0.685 + — NS
0.080 0.061 0.064 0.075 0.107
Step time average 576.9 £ 74.4 529.0 + 70.6 566.1 + — 529.7 + 58.1 494.7 + 512.4 +£69.8 — &
(milliseconds) 234.0 104.0
Muscle strength Left 130.9 £+ 56.0 155.3 £ 59.7 145.7 + 46.9 — 165.6 + 73.6 171.2 £ 79.1 168.3 + 64.8 —
Right 135.1 &+ 62.7 165.8 + 63.9 160.3 + 55.6 — 165.9 + 76.7 180.3 + 72.5 170.6 + 63.0 — *
Sit to stand in 30 s 13.65+ 3.4 16.46 + 5.8 15.88 + 3.4 — 16.17 £ 5.0 15.62 + 5.9 17.46 + 6.0 — NS
Patient compliance score % — 95.8 £ 11.4% 96.2 + 8.0% — — 94.2 £ 15.3% 98.3 + 4.9% — NS
No statistical significance: NS
Difference between groups: &, p < 0.05
Difference over time: *, p < 0.05; **, p < 0.01; p < 0.001
Mixed group*time: @@, p < 0.01
Table 5
Additional drug/intervention during the course of the clinical trial.
Drug/additional intervention Baseline 6 weeks 12 weeks
KOAPT Control KOAPT Control KOAPT Control
Acerein 12 3 6 3 3 0
Irecoxib 4 0 0 0 3 3
Etoricoxib 0 0 3 0 0 0
Glucosamine 7 11 6 3 0 0
Acupuncture 5 3 0 0 0 0
Physiotherapy 4 0 0 0 0 0
Table 6
Adverse events and treatment.
Symptoms Cases Causes treatment Outcomes
Lower back 6 Sports injury, cycling, mountain climbing, history of previous low back pain,  Rest, adjusting exercise plan, seen by doctor =~ Some were cured, some
pain lumbar spine surgery, self-increasing exercise. or physiotherapists improved
Not directly caused by the trial.
Base of thigh 2 Occurred during leg swing, Relieved with rest Rest, more frequent change of legs Recovered
pain
Knee pain 3 Occurred after climbing, overwork and exercise Rest, change of legs, reduced exercise, seen ~ Some were cured, some
worsened by doctor improved
Buttock 2 Occurred during exercise, after increasing the strength of exercise, after Rest Recovered
soreness physiotherapy
Hip soreness 1 Occurred during exercise Rest, reduced load to the support leg Recovered
Hip pain 1 Occurred before and after exercise, worsened after exercise Rest, reduced exercise Improved
Instep redness 1 Consistent before and after exercise Temporary cessation of exercise, rest Improved
Ankle 1 Occurred after carrying heavy objects Rest, reduced weight bearing Recovered
discomfort
Calf cramps 1 Occurred at night Rest, hot pad Recovered
Calf soreness 1 Occurred after leg swing Massage, stretching after exercise Recovered

hydrostatic/hydrodynamic pressure within the articular joint on pain
and joint function [44].

The knee is a major synovial joint and contains synovium fluid to
maintain normal function. Over 80% of KOA patients experience knee
effusions [45]. The increase in volume of synovial fluid may result in
intraarticular pressure change. Our study shows that in healthy volun-
teers, the intraarticular joint pressure is negative, whereas intraarticular
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pressure in KOA patients is three-fold higher than that in healthy vol-
unteers (p < 0.05).

This result is consistent with previous studies in the literature on
intraarticular pressure at rest and during exercise; it has been shown that
normal peripheral synovial joints have a sub-atmospheric pressure,
commonly —2 to —4 mm Hg at rest [46,47]. Negative pressure maintains
nutritional supply to articular cartilage, and maintains joint stability
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during rest and exercise [47].

This negative pressure may be lost in KOA patients with effusion.
Unlike during weight-bearing and exercise when the mechanical load-
ings are temporary, such hydrostatic pressure changes are constant and
long-term. The effect of long-term exposure to high intraarticular pres-
sure on cartilage and synovium is not fully understood; however, clinical
evidence has shown that KOA patients with effusion have a high risk of
losing muscle mass from muscles such as the quadriceps and conse-
quently suffering reduced knee function [48].

The early literature showed clearly that an increase in intraarticular
pressure of as little as 20 mm Hg in patients with effused knees can
significantly decrease synovial blood flow [49]. High intraarticular
pressure due to effusion may reduce cartilage waste product depletion,
increase chondrocyte apoptosis, and stimulate sensory nerves in syno-
vial tissue. Therefore, we hypothesise that changing the hydro-
static/hydrodynamic pressure environment through exercise may help
reduce pain in the joint.

We noticed that pendulum swinging of the leg could have several
advantages in altering the joint mechanical environment. First, as pa-
tients stand on a 15 cm block during exercise, the swinging leg is sus-
pended, which may reduce the impact of weight bearing during exercise,
as non-weight loading can provide fundamental benefits for patients
with OA [41,50]. Secondly, the oscillation of leg movement may pro-
duce a pump effect to change the hydrodynamic environment of the
joint, increasing local blood flow and helping depletion of synovial
contents, such as cartilage metabolic waste, debris from wear and tear,
and potential inflammatory molecules.

It is difficult to perform such tests in human subjects; therefore, we
used miniature pigs as a model for this study. As expected, miniature
pigs also demonstrated negative intraarticular pressure of the knee. By
performing active and passive leg swinging in the miniature pigs, we
detected similar intraarticular dynamic pressure changes to those
observed in healthy human volunteers. By using a miniature pig model,
we revealed that not only does leg swinging increase blood flow of the
leg during exercise, but it also increases blood flow in the opposite leg.
More interestingly, we showed that leg swinging can help rapid deple-
tion of synovial fluid content, in this case, gadopentetate dimeglumine
injected into the joint.

Gadopentetate dimeglumine (also known by the brand name Mag-
nevist) is an extracellular intravenous contrast agent used in magnetic
resonance imaging [51]. This compound can be quantitatively detected
using inductively-coupled plasma mass spectrometry. By using this
method, we successfully showed the depletion of gadopentetate dime-
glumine from the joint. However, this result is still preliminary and re-
quires further assessment.

One important aspect of any clinical study is to select a suitable
control group. There are many exercises which are recommended for
KOA; however, so far, no exercise therapy has proved superior to others.
We chose walking as the control group exercise for the following rea-
sons: 1) walking has been proven to be beneficial to KOA [52,53]; 2)
walking involves very similar movement to KOAPT, the only difference
is that walking involves weight bearing to the joint during exercise,
whereas KOAPT may reduce weight bearing to the joint during exercise;
3) cycling may also provide similar movement, but the use of a device in
a gym limits its use for easy access.

In the current clinical trial no significant differences were shown
between the groups undertaking walking and KOAPT exercises. Since
this was a feasibility study with limited sample size, increasing the
sample size may provide comprehensive information. Power analysis
shows that increasing the sample size to over 524 participants is likely to
reveal the differences suggested using the current setting.

As KOA is a degenerative condition in the elderly population, long-
term therapy is needed. Twelve weeks of intervention may not be suf-
ficient to fully achieve a beneficial effect. We hypothesised that over
1000 swings/leg/day would be necessary, whereas in this 12-week
intervention, it took nearly 7 weeks for the participants to reach the

275

Journal of Orthopaedic Translation 45 (2024) 266-276

target. The next trial should aim for a 6-month intervention.

There are several limitations of this study. Firstly, the in vivo tests
used minipig model were performed only on health animal without knee
OA. In order to further reveal the mechanism, a minipig or rabbit model
with knee OA should be used. Secondly, this is a feasibility study, the
assigned participant number may not be sufficient to demonstrate sta-
tistical significance between groups. Thirdly, the control walking exer-
cise was mixed up with daily activity making it difficult to extract data
for comparison. Finally, the understanding of the KOAPT is still pre-
liminary. The supporting frame, monitoring of exercise, length of the
therapy, and feedback collection are yet to be optimised.

In conclusion, this study highlighted the potential effect of the hy-
drostatic and hydrodynamic environment on KOA and its intervention.
Both KOAPT and walking showed beneficial effects on KOA and there
were no significant differences between these two groups. However, due
to the nature of a feasibility study, there is not a sufficient powder to
demonstrate differences between these two groups. A minimum of 524
cases are required for a further large sample clinical trial to confirm
whether the pendulum therapy is a better exercise intervention for KOA.
To understand the mechanism further, animal experiments using knee
OA models should be performed.
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