Asia-Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation and Technology 34 (2023) 20—27

Contents lists available at ScienceDirect

Asia-Pacific Journal of Sports Medicine, Arthroscopy,
Rehabilitation and Technology >

journal homepage: www.ap-smart.com

Original Article

Effect of moxibustion on knee joint stiffness characteristics in N
recreational athletes pre- and post-fatigue e

Yufeng Zhang ?, Zirong Bai °, Zhiye Zhang °, Peng Yuan ¢, Yilin Xu ¢, Zun Wang ®,
David Sutton ¢, Jun Ren |, Eamonn Delahunt & ", Dan Wang "

2 School of Exercise and Health, Shanghai University of Sport, Shanghai, 200438, China

b College of Acumox and Tuina, Health Preservation and Rehabilitation, Nanjing University of Chinese Medicine, Nanjing, 210046, China

€ School of Elite Sport, Shanghai University of Sport, Shanghai, 200438, China

d Sports Biomechanics Laboratory, Jiangsu Research Institute of Sports Science, Nanjing, 320113, China

€ Shanghai Elite Sport Training Center, Shanghai, 202150, China

f Shanghai Institute of Cardiovascular Diseases, Department of Cardiology, Zhongshan Hospital, Fudan University, Shanghai, 200032, China
& School of Public Health, Physiotherapy and Sports Science, University College Dublin, Dublin, D04 VIWS, Ireland

" Institute for Sport and Health, University College Dublin, Dublin, D04 VIWS, Ireland

ARTICLE INFO ABSTRACT

Article history:

Received 23 November 2022
Received in revised form

27 June 2023

Accepted 14 August 2023

Keywords:

ACL injury

Anti-fatigue

Moxibustion

Stiffness characteristics
Traditional Chinese medicine

Objective: Joint stiffness results from the coupling of the nervous system and joint mechanics, and thus
stiffness is a comprehensive representation of joint stability. It has been reported that moxibustion can
alleviate general weakness and fatigue symptoms and subsequently may influence joint stiffness. This
study investigated whether moxibustion could enhance knee joint stiffness in recreational athletes pre-
and post-fatigue.
Methods: Eighteen participants were randomized into intervention (5 males: 20.6 + 1.5 yr; 4 females:
20.8 + 1.5 yr) and control groups (5 males: 19.4 + 0.9 yr; 4 females: 20.5 + 0.6 yr). The intervention group
received indirect moxibustion applied to acupoints ST36 (bilateral) and CV4 for 30 min every other day
for 4 consecutive weeks. The control group maintained regular exercise without moxibustion. Peak
torque (PT) of right knee extensor, relaxed and contracted muscle stiffness (MS) of vastus lateralis, and
knee extensor musculoarticular stiffness (MAS) was assessed with an isokinetic dynamometer (IsoMed
2000), myometer, and free oscillation technique, respectively. Measurements were taken at three time
points: pre-intervention, post-intervention/pre-fatigue, and post-fatigue.
Results: MAS (P = 0.006) and PT (P = 0.007) in the intervention group increased more from pre-to post-
intervention compared with the control group. Post-fatigue MAS (P = 0.016) and PT (P = 0.031) increased
more in the intervention group than in the control group.
Conclusion: Moxibustion enhanced PT and knee MAS, suggesting that this intervention could be used in
injury prevention and benefit fatigue resistance in young recreational athletes.
© 2023 Asia Pacific Knee, Arthroscopy and Sports Medicine Society. Published by Elsevier (Singapore) Pte
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).

1. Introduction

performance.” Long-term injury to the meniscus and cartilage may
also result from ACL injury.” Therefore, prevention of ACL injury is

An estimated 50%—66% of all sports-related injuries involve the
lower extremities, with knee injuries accounting for 30%—45% of all
such injuries.! Anterior cruciate ligament (ACL) injury is one of the
most common knee joint injuries.” ACL injury results in the insta-
bility of the knee joint, which negatively impacts athletic
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essential for knee joint health.

Stiffness is often defined as the relationship between an applied
force and elastic deformation.” It plays an integral role in regulating
and controlling human movement, and contributes to joint
stability.*~° Effective joint stiffness involves the change in torque in
various components like the joint capsule, ligaments, muscles, and
skin, while muscle stiffness (MS) pertains to the relationship be-
tween force and deformation within a single muscle.” Stiffness
serves as a comprehensive risk factor for injury prediction,
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surpassing metrics like strength.®° Research suggests that exces-
sive stiffness may be linked to bony injuries, while insufficient
stiffness may contribute to soft tissue injuries.'%!! Maintaining
optimal muscle and joint stiffness is vital for providing adequate
support and protection to the joints.’

Fatigue is common in sports and ordinary life. It can adversely
affect various biomechanical and neuromuscular factors such as
rate of force development, muscle activity, strength, propriocep-
tion, and kinaesthesia.'>'> These symptoms can negatively influ-
ence athletic performance and increase the risk of musculoskeletal
injury. In addition, fatigue of active stabilizing muscles and
increased joint laxity have been proposed as potential mechanisms
for ACL injury.' It has been proved that stiffness would be changed
with fatigue in our previous studies.”” Therefore, we speculated
that delaying the onset of fatigue could reduce stiffness, thus
reducing the occurrence of ACL injuries.

As a traditional Chinese medicine, moxibustion can affect blood
flow and “qi” (energy) through the acupoints using a burning moxa
stick.'® Studies have shown that moxibustion has anti-fatigue
properties.' Moxibustion could reduce the damage that high-
intensity exercise causes to the liver, myocardium, skeletal mus-
cle, and kidney cells'” and improve glycogen levels in muscle and
the liver, ensuring sugar is supplied to nerves, muscles, and other
tissues.'® In addition, moxibustion could enhance levels of central
nervous system neurotransmitters such as dopamine (DA),'® which
delays the occurrence of central fatigue. Furthermore, it has been
reported that moxibustion can relieve lower limb fatigue after ex-
ercise, as determined by biomechanical testing.”’ However, no
research has investigated whether moxibustion intervention can
effectively improve knee stiffness, including knee stiffness caused
by fatigue.

Therefore, this study aimed to investigate whether moxibustion
could improve knee joint stiffness characteristics in recreational
athletes pre- and post-fatigue. We hypothesized that moxibustion
would improve knee joint stiffness, and reduce knee stiffness
decline caused by fatigue.

2. Methods
2.1. Participants

Eighteen participants were randomized into intervention and
control groups (Table 1). The specific inclusion criteria were: (1)
recreational athletes aged 18—30 who engage in regular (at least
three times per week) field and court sports such as football,
volleyball, and basketball. Body mass index (BMI) < 25 [if BMI >25,
body fat <25% (male) or < 35% (female) (assessed via skinfold
thickness) were deemed acceptable]; (2) no serious lower limb
injury necessitating substantial medical intervention or resulting in
severe functional impairment within the past 3 months (3) no
serious diseases (e.g., cardiovascular, respiratory, metabolic,
neurological, mental, and skeletal muscle diseases, hemophilia);
that affect athletic performance; (4) no drug usage; (5) received no

moxibustion treatment in the past 4 weeks; (6) no alcoholism.
Participants were required to fill in a medical history questionnaire
and the Physical Activity Readiness Questionnaire form during
screening.” All participants were required to sign an informed
consent form before participating in the study.

2.2. Study design

A single-blind randomized controlled trial was performed and
the study proposal followed the CONSORT checklist. To minimize
potential biases, the data analysis was conducted by a researcher
who was blinded to the group allocation of the participants. Each
participant was required to visit our laboratory and be familiar with
the protocol before testing. The following evaluations were per-
formed at three time points (pre-intervention, post-intervention/
pre-fatigue, post-fatigue): 1) peak torque (PT) testing of the right
knee extensor, 2) relaxed muscle stiffness (relaxed MS) of the right
vastus lateralis (VL), 3) contracted muscle stiffness (contracted MS)
of the right VL, and 4) musculoarticular stiffness (MAS) of the right
knee extensor. Participants were requested to maintain a normal
diet and refrain from exercise in the preceding 24 h before testing.
In the intervention group, indirect moxibustion was applied to
acupoints ST36 (bilateral) and CV4 for 30 min every other day for 4
consecutive weeks. The control group maintained regular exercise
without moxibustion. A flowchart of the measurements is shown in
Fig. 1.

2.3. Intervention

The acupoint ST36, located on the Stomach Meridian of Foot
Yangming, is a vital acupoint known for enhancing overall physical
strength and nourishing the spleen and stomach.?' The acupoint
CV4, belonging to the Conception Vessel, has long been used as a
primary acupoint for strengthening and nourishing deficiencies,
effectively treating various types of weakness and debilitation.”!
For moxibustion treatment targeting the musculoskeletal system,
both the ST36 and CV4 acupoints were specifically chosen due to
their commonly recognized benefits, such as reducing exercise fa-
tigue and improving muscle strength.'®!'” One end of the moxa stick
was ignited and fixed above the acupoints with custom-made de-
vices (Fig. 2). Moxibustion was applied at a distance of 2—3 ¢cm from
the skin. The distance between the moxa stick and the participants'
acupoint was adjusted according to the participants' tolerance
level. Each acupoint was stimulated for 30 min to make the skin red
without burning. The frequency of moxibustion was once every two
days for four weeks according to previously established
protocols.?"%?

2.4. Measurements

2.4.1. Pre-intervention assessment
Relaxed MS: The relaxed MS of the VL was measured by a
myometer (Myoton-3; Muomeetria, AS, Tallinn, Estonia) composed

Table 1
Demographic data of participants.
Intervention group (n = 9) Control group (n =9) P-value
Male (n = 5) Female (n = 4) Male (n = 5) Female (n = 4)
Age (yr) 206 + 1.5 208 + 1.5 194 + 09 20.5+ 0.6 NS
Height (m) 1.71 = 0.06 1.67 + 0.04 1.82 + 0.06 1.61 + 0.03 NS
Weight (kg) 64.1 + 104 580+ 1.6 79.6 + 16.0 50.5 +5.5 NS
BMI (kg/m2) 220+29 209+1.2 24.0 + 4.1 194 £ 2.1 NS

BMI, body mass index. NS, nonsignificant where P > 0.05.
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Pre-intervention

Relaxed MS |—{  Warm-up | PT f—»! Contracted Ms [—] MAS
Intervention group: Acupoints ST36 (bilateral)
Intervention and CV4 for indirect moxibustion 30 min Control group:Regular exercise
every other day for 4 consecutive weeks
Post-intervention/
. Relaxed MS |—D| Warm-u I—>| PT I—D-I Contracted MS I—>| MAS
Pre-fatigue P
! l | Treadmill fatigue protocol I
Post-fatigue Relaxed MS Contracted MS

Fig. 1. Flowchart of the measurements. PT, peak torque; relaxed MS, relaxed muscle stiffness; contracted MS, contracted muscle stiffness; MAS, musculoarticular stiffness.

the acupoints of ST36

custom-made device

r

moxa stick

custom-made device

the acupoints of CV4

Fig. 2. Moxibustion on acupoints ST36 (bilateral) and CV4 with custom-made devices.

of a probe and an accelerometer, with a sampling frequency of 3200
HZ. We fixed the participants’ pelvis with straps to prevent hip
extension during the testing. The flexion angle of the hip joint was
105° (full extension of the hip joint is 180°), and the flexion angle of
the knee joint was 150° (full extension of the knee joint is 180°). In
addition, to reduce the compensatory contribution of the upper
body, participants were asked to place their hands across their
chest during the whole testing process. The probe was placed
vertically on the muscle belly two-thirds of the way between the
anterior superior iliac spine and the lateral midpoint of the patella.
The probe was gently lowered onto the muscle belly of the VL and
an automatic mechanical impact was delivered to the muscle
(duration of 15 ms, force of 0.3—0.4 N, and local deformation of a
few millimeters). The resultant damping free oscillation was
recorded by the accelerometer inside the probe, and the real-time
MS data was shown directly on the screen. Relaxed MS (no
external load) was measured 5 times continuously and the average
of the 5 measurements was used for analysis.

Warm-up: Participants cycled at 70—80 revolutions per minute
(RPM) with a power output of 50 W for 4 min.

PT: Each participant was seated on the knee extensor dyna-
mometer, and the lateral epicondyle of the femur was aligned with
the axis of the dynamometer. The point of force transfer was at the
crossbar directly in front of the lateral malleolus. PT of the right
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knee extensor was measured by an isokinetic dynamometer (Iso-
Med 2000; D. & R. Ferstl GmbH, Hemau, Germany). Participants sat
in the same position as in the relaxed MS measurement. After being
familiarised with the experimental procedure, they were instructed
to produce a maximum voluntary isometric contraction (MVIC) of
their knee extensors as quickly as possible for approximately 3 s.
Strong verbal encouragement and visual target stimulation were
used to ensure maximum contraction. Each participant was
required to complete 3 MVIC trials, and the maximum value was
used to determine the load used in contracted MS and MAS mea-
surements. Force signals were multiplied by the individual lever
arm length to produce torque values (N - m).

Contracted MS: Contracted MS was measured at the same
sitting position used in the relaxed MS measurement with an
external load of 30% of the MVIC. The evaluation procedure was the
same as for the relaxed MS measurement.

MAS: The MAS of the right knee joint was measured by the free
oscillation technique, which is a comprehensive measurement
incorporating the stiffness of the muscle-tendon unit, surrounding
articular surfaces, ligaments, and skin." The sitting position of the
participants was the same as that of the relaxed MS measurement.
They were required to support a load of 30% of the MVIC on the
anteriorly distal portion of their lower leg. An external perturbation
of 100—150 N was applied to the bar by the investigator and the
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ensuing oscillations were recorded by a uniaxial accelerometer
inside the sensors (Delsys Inc, Boston, MA, USA) attached to the
distal end of the lever arm of the dynamometer. Accelerometer data
were sampled at 148 Hz and recorded on a personal computer with
a 16-bit A/D converter. The signal was filtered by a Butterworth
low-pass filter (third order) with a cut-off frequency of 4 Hz. Each
participant completed 5 MAS trials with 1 min rest between trials.
The average value of 3 successful trials was used for analysis.

2.4.2. Post-intervention/pre-fatigue assessment

Measurements (Relaxed MS, PT, contracted MS, and MAS) in the
pre-intervention assessment period were repeated during the post-
intervention/pre-fatigue assessment period just before the tread-
mill fatigue protocol.

2.4.3. Treadmill running fatigue protocol

The intervention and control groups completed a treadmill
running fatigue protocol 237 Participants were required to avoid
strenuous exercise for at least 24 h and avoid drinking caffeinated
or alcoholic beverages for at least 12 h before the testing. The
treadmill running fatigue protocol was as follows: participants
started running at 8 km/h with the treadmill at a constant grade of
1° inclination; the speed was increased by 2 km/h every 3 min.
Participants were required to run until complete exhaustion
[fatigued state, rate of perceived exertion (RPE) > 17]. Verbal
encouragement was provided toward the end of each run. A heart
rate detector (Polar A300, Kempele, Finland) and RPE were used to
record heart rate and subjective exertion, respectively, 30 s after
each speed increase and immediately after the treadmill running
fatigue protocol was completed.

2.4.4. Post-fatigue assessment

Measurements (relaxed MS, PT, contracted MS and MAS) in the
pre-intervention assessment period were repeated during post-
fatigue assessment period following the treadmill running fatigue
protocol.

2.5. Statistical analysis

Statistical power was calculated as 0.996 using G-Power version
3.1.9.2, with a two-tailed o of 0.05, a total sample size of 18, 2
groups, 3 measurements, and an effect size of 0.95 based on data
from this study. Specifically, the desired effect size was converted
from n%p of MAS. Two-way repeated measures ANOVA was used to
investigate differences at three periods of the following four
dependent variables: 1) PT, 2) relaxed MS, 3) contracted MS, and 4)
MAS. The within-participant independent variable was time, and
the between-participant independent variable was the interven-
tion. Greenhouse-Geisser corrections were used when the
assumption of sphericity (Mauchly's test) was violated. Levene's
test was used to determine the homogeneity of variance. To reduce
type Il errors, effect sizes (n?P) were calculated. Post-hoc tests were
evaluated for statistical significance by using the Benjamini -
Hochberg method?* for false discovery rate (<5%). Data were re-
ported as mean + standard deviation (SD), and statistical analyses
were conducted at a 95% level of significance (P < 0.05). All sta-
tistical analyses were performed using IBM SPSS Statistics 24.0.

3. Results

A total of 26 participants were screened and enrolled, but 8
participants were excluded due to the violation of eligibility criteria
or withdrawal of consent. The remaining 18 participants were
randomly assigned into one of two groups (intervention group: 9,
control group: 9). During the study, no participant dropped out and
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failed to complete the analysis (Fig. 3). No side effects were re-
ported by any participant.

Two-way repeated measures ANOVA found no significant dif-
ference in the interaction between group and time point in relaxed
MS (F = 0.546, P = 0.585, 1% = 0.033) and contracted MS

(F = 0.964, P = 0.392, 1% = 0.057). However , there was a sig-
nificant difference in the interaction between the group and time
point in PT (F = 14.693, P < 0.001, n%p = 0.478) and MAS (F = 14.641,
P < 0.001, n%p = 0.478).

The post-hoc comparisons showed that PT ( F=9.747, P = 0.007,
1% = 0.379 ) and MAS (F = 9.995, P = 0.006, n%p = 0.385)
increased more in the intervention group than the control group
from pre-intervention to post-intervention/pre-fatigue. In addition,
PT (F = 5.622, P = 0.031, 1%p = 0.260) and MAS increased (F = 7.265,
P = 0.016, n%p = 0.312) more in the intervention group from post-
intervention/pre-fatigue to post-fatigue when compared to the
control group (Fig. 4; Table 2).

4. Discussion

The primary findings of our study were that, when compared to
the control group, the intervention group displayed increased PT
and MAS from pre-intervention to post-intervention/pre-fatigue
and increased PT from post-intervention/pre-fatigue to post-
fatigue. However, there was no significant interaction of time and
group for relaxed MS and contracted MS.

4.1. Changes from pre-intervention to post-intervention/pre-fatigue

PT increased in the intervention group compared with the
control group from pre-intervention to post-intervention/pre-
fatigue, which suggests moxibustion improves muscle strength.
Similarly, Zhao et al. found that moxibustion on acupoints DU4 and
ST36 increased grip strength in orienteering athletes.? Ju et al. also
found that warm moxibustion combined with conventional quad-
riceps muscle strength training was more effective for improving
muscle strength than simple quadriceps muscle strength
training.”® During PT measurement, participants were required to
perform MVIC of the knee extensor as quickly as possible, an action
that uses anaerobic metabolism. The energy used in the anaerobic
exercise is from adenosine triphosphate-creatine phosphate (ATP-
CP) decomposition and glycolysis.”” Moxibustion can increase the
body's ability to absorb nutrients, which boosts ATP, CP, and
glycogen reserves in the body.'®?”?® High-load exercise training
often causes exercise-induced low blood testosterone, which is one
of the main reasons for the decline in the body's exercise capacity
and prolonged fatigue.>® A related study showed that participants'
PT of knee extensors improved after oral testosterone supplemen-
tation.’® Therefore, moxibustion could increase PT through
increasing blood testosterone concentration by regulating
hypothalamus-pituitary-gonad axis dysfunction and imbalance
during high-intensity exercise.>’

MAS increased in the intervention group compared with the
control group from pre-intervention to post-intervention/pre-
fatigue. As summarized by Wang et al., volitional muscle contrac-
tion increases joint stiffness by more than four-fold, which in-
dicates that muscle mass, muscle fiber type, cross-bridge
mechanics, and other properties related to muscle force production
explain MAS changes.">>! Therefore, increased PT in the interven-
tion group could explain increased MAS.

4.2. Changes from post-intervention/pre-fatigue to post-fatigue

PT decreased significantly in the control group but not in the
intervention group after the fatigue protocol. The decrease in the
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[ Enrollment J

Assessed for eligibility (n= 26 )

Excluded (n=8 )

+ Not meeting inclusion criteria (n=8 )
+ Declined to participate (n=0 )

+ Otherreasons (n=0 )

v

Randomized (n=18)

l

4 [ Allocation ] v

Moxibustion intervention (n=9) No moxibution intervention (n=9)

+ Received allocated intervention (n=9 ) + Received allocated intervention (n=9 )

+ Did not receive allocated intervention (n=0) + Did not receive allocated intervention (n=0)
v [ Follow-Up ] v

Lost to follow-up (n=0) Lost to follow-up (n=0 )

Discontinued intervention (n=0 ) Discontinued intervention (n=0)
B [ Analysis J Y

Analysed (n=9 )
+ Excluded from analysis (n=0 )

Analysed (n=9 )
+ Excluded from analysis (n=0)

Fig. 3. Flow diagram of the recruitment and allocation of participants.

control group is consistent with previous findings.'*'>? First, fa-
tigue leads to reduced coordination of extensors and flexors around
the knee joint such as vastus lateralis and biceps femoris, which
results in a reduction of output power because of changes in muscle
coordination patterns.>> Second, fatigue reduces the activity of
Na'-K"-ATP enzymes and disturbs the concentration of Na* and K*
inside and outside cells (i.e., the maintenance of Na™ and K* gra-
dients across sarcolemma and T tubular membranes), eventually
leading to impairment of excitation contraction coupling.>*>* In
addition, fatigue can lead to an increase in metabolites such as
adenosine monophosphate (AMP), inosine monophosphate (IMP),
creatine, Mg?*, H', and inorganic phosphate which inhibits normal
physiological activities of cells and affects muscle contraction
mechanisms.>*>> Among these metabolites, H" and Pi play a major
role in limiting the production of strength and energy in high-
intensity exercise.>® Accumulation of lactic acid in the blood and
increased H' concentration reduce the activity of metabolic en-
zymes in the body (e.g., phosphofructokinase and glycogen phos-
phorylase), inhibit ATP produced by glycolysis, and compete with
troponin for myofilament sliding, eventually reducing muscle
contraction.>>° Inorganic phosphate affects Ca®* release from the
sarcoplasmic reticulum and accelerates detachment of myosin and
actin,’® reducing the amount of strong binding of cross-bridges.>”

The results indicate that PT increased in the intervention group
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after fatigue when compared with the control group. Moxibustion
can inhibit creatine kinase overflow in muscle cells, reduce urine
nitrogen in serum, and reduce lactic acid content in the blood.'® It
can also increase the concentration and activity of antioxidant
enzymes (e.g., glutathione peroxidase and superoxide dismutase)
and increase the level of non-enzyme antioxidants such as vitamin
C which reduce free radicals and prevent tissue injuries.'®18:28.36
Moreover, moxibustion can increase energy supply for nerves,
muscles, and other tissues during exercise.'®%8

After fatigue, MAS increased in the intervention group
compared with the control group, which suggests that moxibustion
intervention effectively prevents a decline in MAS after fatigue. Due
to the relationship between PT and MAS, the previously mentioned
mechanisms for muscle contraction could also explain why MAS
rises after the fatigue protocol. In addition, MAS is regulated by the
central nervous system.> Consequently, central fatigue influences
the level of MAS. DA, one of the monoamine neurotransmitters in
the brain, is related to central fatigue.>”>® Higher dopaminergic
activity can improve athletic performance,’”*® and increased cen-
tral DA concentration induced by caffeine intake can suppress fa-
tigue.>® The smoke produced from moxibustion can also promote
the release of DA in the brain.!° Therefore, moxibustion could delay
the occurrence of central fatigue by adjusting neurotransmitter
levels in the brain, which may also be a reason for the rise of MAS in
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Fig. 4. Comparison of joint stiffness parameters for control and intervention groups at three periods (a) Peak torque (PT) in the intervention group increased from pre-intervention
to post-intervention/pre-fatigue and from post-intervention/pre-fatigue to post-fatigue when compared to the control group. (b) There was no significant difference in relaxed
muscle stiffness (MS) between the intervention group and control group at the three time points. (c) Musculoarticular stiffness (MAS) in the intervention group increased from pre-
intervention to post-intervention/pre-fatigue and from post-intervention/pre-fatigue to post-fatigue when compared to the control group. (d) There was no significant difference in
contracted MS between the intervention group and control group at the three periods.

Table 2
Parameters comparison between two groups at three time points (x+s).

Intervention group

Control group

pre-intervention  post-intervention/pre-fatigue

post-fatigue

pre-intervention  post-intervention/pre-fatigue  post-fatigue

PT (N - m) 72.5 + 18.0 90.7 + 20.1
Relaxed MS (N - m™') 327.3 +42.0 338.8 +49.7
Contracted MS (N - m™!) 4544 + 125.8 4154 + 72.8
MAS (N - m™ ') 468.8 + 164.6 586.6 + 167.9
RPE

HR

933 +18.6 91.0 + 24.0 90.7 + 19.8 86.0 + 17.2
3384 +39.7 3243 + 48.6 325.7 +32.2 322.6 +27.0
420.0 + 75.0 466.7 + 87.1 462.0 + 78.3 4379 +95.7
699.7 + 166.9  615.4 + 196.6 597.1 + 1904 629.8 + 172.7
19.0 + 1.5 193 +0.7
1939 + 99 191.0+73

PT, peak torque; MS, muscle stiffness; MAS, musculoarticular stiffness; RPE, rate of perceived exertion; HR, heart rate.

the intervention group after fatigue.
4.3. Non-significant findings

There were no significant changes in relaxed and contracted MS
between the intervention group and control group from pre-
intervention to post-intervention/pre-fatigue and from post-
intervention/pre-fatigue to post-fatigue. The quadriceps muscle is
composed of four muscles: vastus medialis, vastus intermedius (VI),
rectus femoris, and VL. However, we measured MS of VL as repre-
sentative of MS of the quadriceps.®' The contribution rate of VL to
knee extension contraction is 20%—30%,%> and thus the significant
improvement of the PT in quadriceps could be attenuated in the MS
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of VL, resulting in nonsignificant changes in relaxed and contracted
MS in the intervention group post-intervention and fatigue
protocol.

4.4. Limitations

VI is the main extensor in the quadriceps. With increased torque
of the knee extensor, the contribution rate of VI to knee extension
contraction decreases, while the other three muscles' contribution
increases,*” although VI's contribution rate to the extensor torque is
still above 40%.*C However, we did not choose VI as the represen-
tative of the quadriceps due to its deep anatomical location. In the
future, the development of equipment for the measurement of
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deep MS measurement may solve this problem.

The participants in our study were recreational athletes. Addi-
tional studies could be conducted on professional athletes to
evaluate the application of these results for possible injury pre-
vention. In addition, even though the power of the study has been
calculated, the sample size was relatively small when the study was
designed as a randomized controlled trial in human beings. Future
research should expand the sample size to strengthen the validity
of the data presented in this study.

In summary, moxibustion increased PT and MAS of the knee
extensors pre- and post-fatigue but did not influence MS of VL
significantly. Therefore, as an alternative intervention method,
moxibustion might enhance muscle strength in the knee extensors,
improve stiffness characteristics of the knee joint, and alleviate
fatigue-induced stiffness decline.

Ethics approval and consent to participate

The study was approved by Shanghai University of Sports, China
(approval number: 102772020RT101).

Fundings

This work was supported by the Program for Overseas High-
level Talents at Shanghai Institutions of Higher Learning under
Grant NO. TP2019072, the Natural Science Foundation of the Higher
Education Institutions of Jiangsu Province under Grant NO.
17KJB320008, and Shanghai Key Lab of Human Performance
(Shanghai University of Sport) under Grant NO. 11DZ2261100.

Availability of data and materials

The data used to support the findings of this study are included
within the article and available from the corresponding author
upon request.

Declaration of competing interest
The authors declare that they have no competing interests.
Acknowledgements

The abstract entitled “Effect of Moxibustion on Knee Joint
Stiffness Characteristics in Recreational Athletes Pre and Post Fa-
tigue” has been accepted by ACSM conference in 2020.

We would like to express our gratitude to the staff of Sports
Biomechanics Laboratory, Jiangsu Research Institute of Sports Sci-
ence for their technical assistance. We also greatly thank all the
participants who joined the project.

References

1. Lam KC, Thomas SS, Valier ARS, Mcleod TCV, Bay RC. Previous knee injury and
health-related quality of life in collegiate athletes. J Athl Train. 2017;52(6):
534-540.

2. Mehl J, Diermeier T, Herbst E, et al. Evidence-based concepts for prevention of
knee and ACL injuries. 2017 guidelines of the ligament committee of the
German Knee Society (DKG). Arch Orthop Trauma Surg. 2018;138(1):51—61.

3. Cully L, DeVito G, Boreham CA, Ditroilo M. Assessment of musculo-articular and
muscle stiffness in young and older men. Muscle Nerve. 2012;46(4):559—565.

4. Watsford M, Murphy A, McLachlan K, et al. A prospective study of the rela-
tionship between lower body stiffness and hamstring injury in professional
australian rules footballers[]]. Am J Sports Med. 2010;38(10):2058—2064.

5. Needle A, Baumeister J, Kaminski T, Higginson ], Farquhar W, Swanik C. Neu-
romechanical coupling in the regulation of muscle tone and joint stiffness.
Scand | Med Sci Sports. 2014;24(5):737—748.

6. Kim A, Needle A, Thomas S, Higginson C, Kaminski T, Swanik C. A sex com-
parison of reactive knee stiffness regulation strategies under cognitive loads.
Clin Biomech. 2016;35:86—92.

26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Asia-Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation and Technology 34 (2023) 20—27

. Edwards WT. Effect of joint stiffness on standing stability[J]. Gait Posture.

2007;25(3):432—439.

. Wang D, De Vito G, Ditroilo M, Fong DT, Delahunt E. A comparison of muscle

stiffness and musculoarticular stiffness of the knee joint in young athletic
males and females. ] Electromyogr Kinesiol. 2015;25(3):495—500.

. Lorimer A, Keogh ], Hume P. Using stiffness to assess injury risk: comparison of

methods for quantifying stiffness and their reliability in triathletes. Peer].
2018;6:e5845.

Kalkhoven JT, Watsford ML. The relationship between mechanical stiffness and
athletic performance markers in sub-elite footballers[]]. J Sports Sci.
2018;36(9):1022—1029.

Brazier J, Maloney S, Bishop C, et al. Lower extremity stiffness: considerations
for testing, performance enhancement, and injury risk[]]. J Strength Condit Res.
2019;33(4):1156—1166.

Faria A, Gabriel R, Moreira H, Camacho T, Brds R, Ditroilo M. The effect of sex
and localised fatigue on triceps surae musculoarticular stiffness. Eur J Sport Sci.
2018;18(4):483—490.

Boozari S, Sanjari MA, Amiri A, Ebrahimi Takamjani I. Effect of gastrocnemius
kinesio taping on countermovement jump performance and vertical stiffness
following muscle fatigue. J Sport Rehabil. 2018;27(4):306—311.

Gillot T, L'Hermette M, Garnier T, Tourny-Chollet C. Effect of fatigue on func-
tional stability of the knee: particularities of female handball players. Int |
Sports Med. 2019;40(7):468—476.

Wang D, De Vito G, Ditroilo M, Delahunt E. Effect of sex and fatigue on muscle
stiffness and musculoarticular stiffness of the knee joint in a young active
population. J Sports Sci. 2016;35(16):1—-10.

Zhang Y. Clinical effect of moxibustion on relieving exercise-induced fatigue.
China Contin Med Educ. 2017;9(7):219—221 ([In China, English abstract]).

Hua Y, Liu B, Zhang KB. Effects of applying moxibustion at Zusanli and Gua-
nyuan acupoints on rats' exercise endurance and an-ti-oxidant injury of kidney
tissue. Chin J Rehabil Med. 2012;27(11):1036—1040 ([In China, English
abstract]).

Xu HQ, Zhang HR, Gu YH. Progress of researcheres on prevention and treat-
ment of sports fatigue with moxibustion therapy. Acupunct Res. 2014;39(2):
169—173 ([In China, English abstract]).

Wang C, Gong CP, Cai RL, He L. Effect of different concentrations of moxa smoke
on the contents of myocardial pathology, troponin, brain dopamine and 5-
hydroxytryptamine in rats. Clin | Trad Chin Med. 2019;31(7):1307—1311 ([In
China, English abstract]).

Liu Y, Finnie K, Shao S. Can moxibustion treatment improve vertical jump
biomechanics. Adv Comput Sci Res. 2018;83:219—224.

Gong BM, Yang HY, Sun R, Cao J. Combination of mild moxibustion and electric
stimulation in acupoints for the immune function of women's beach volleyball
athletic fatigue. Acad ] Shanghai Univ Tradit Chin Med. 2014;28(4):49—52 ([In
China, English abstract]).

Gao M, Wu Y. Effect of moxibustion pretreatment of guanyuan (CV4), etc.on
expression of leukocytic T-box transcription factorf expressed in T cells and
gata-3 mRNA in athletes undergoing heavy load trainings. Acupunct Res.
2012;37(2):125—130 ([In China, English abstract]).

Steib S, Hentschke C, Welsch G, Pfeifer K, Zech A. Effects of fatiguing treadmill
running on sensorimotor control in athletes with and without functional ankle
instability. Clin Biomech. 2013;28(7):790—795.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J R Stat Soc Series B Stat Methodol.
1995;57(1):289—-300.

Zhao X, Zhao RL. Effect of moxibustion on mingmen, zusanli on recovery of
sports fatigue. ] Shanxi Datong Univ (Nat Sci). 2017;33(4):87—88+92 ([In China,
English abstract]).

Ju {J, Zhou X, Dong CC, Lin LQ, Liu HN, Hou Y. Clinical observation of warm
moxibustion therapy to improve quadriceps weakness after total knee
arthroplasty. Chin Acupunct Moxibustion. 2019;39(3):276—280 ([In China, En-
glish abstract]).

Zheng RS, Huang H, Yu WL, Chen XC. A research on the impact of moxibustion
on anaerobic capacity training of tennis athletes. | Beijing Sport Univ.
2010;33(3):68—69+72 ([In China, English abstract]).

Jiang HK. On the effect of Bia. Hepatin and the sports-capacity of trained
endurance rats by moxibustion. ] Henan Univ. 2011;30(4):287—290 ([In China,
English abstract]).

Srinivasshankar U, Roberts SA, Connolly M], et al. Effects of testosterone on
muscle strength, physical function, body composition, and quality of life in
intermediate-frail and frail elderly men: a randomized, double-blind, placebo-
controlled study. J Clin Endocrinol Metab. 2010;95(2):639—650.

Wang B, Zou QY. Acupuncture moxibustion influence on athletes exercise fa-
tigue of pre-competition intensive training. ] Hunan Univ of Hum, Sci Technol.
2014;6:143—-148 ([In China, English abstract]).

Wang D, De Vito G, Ditroilo M, Delahunt E. Different effect of local and general
fatigue on knee joint stiffness. Med Sci Sports Exerc. 2017;49(1):173—182.
El-Ashker S, Joanna M, Carson BP. Sex-related differences in joint-angle-
specific hamstring-to-quadriceps function following fatigue. Eur | Sport Sci.
2019;19(8):1053—-1061.

Girard O, Mendez-Villanueva A, Bishop D. Repeated-sprint ability - part I:
factors contributing to fatigue. Sports Med. 2011;41(8):673—694.

Perry B, Wyckelsma V, Murphy R, et al. Dissociation between short-term
unloading and resistance training effects on skeletal muscle Na*,K*-ATPase,
muscle function, and fatigue in humans. | Appl Physiol. 2016;121(5):


http://refhub.elsevier.com/S2214-6873(23)00009-2/sref1
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref1
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref1
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref1
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref2
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref2
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref2
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref2
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref3
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref3
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref3
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref4
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref4
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref4
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref4
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref5
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref5
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref5
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref5
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref6
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref6
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref6
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref6
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref7
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref7
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref7
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref8
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref8
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref8
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref8
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref9
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref9
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref9
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref10
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref10
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref10
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref10
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref11
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref11
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref11
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref11
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref12
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref12
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref12
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref12
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref12
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref13
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref13
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref13
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref13
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref14
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref14
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref14
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref14
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref15
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref15
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref15
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref15
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref16
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref16
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref16
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref17
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref17
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref17
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref17
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref17
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref18
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref18
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref18
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref18
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref19
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref19
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref19
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref19
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref19
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref20
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref20
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref20
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref21
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref21
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref21
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref21
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref21
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref22
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref22
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref22
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref22
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref22
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref23
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref23
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref23
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref23
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref24
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref24
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref24
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref24
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref25
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref25
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref25
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref25
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref25
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref26
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref26
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref26
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref26
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref26
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref27
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref27
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref27
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref27
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref27
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref28
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref28
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref28
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref28
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref29
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref29
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref29
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref29
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref29
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref30
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref30
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref30
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref30
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref31
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref31
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref31
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref32
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref32
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref32
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref32
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref33
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref33
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref33
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34

Y. Zhang, Z. Bai, Z. Zhang et al.

35.
36.

37.

38.

1074—1086.

Sundberg CW, Fitts RH. Bioenergetic basis of skeletal muscle fatigue. Curr Opin
Physiol. 2019;10:118—127.

Wang LL, Yu L], Hu YH. Advances in studies of moxibustion smoke. Asia-Pacific
Tradit Med. 2016;12(2):39—41.

Cordeiro L, Rabelo P, Moraes M, et al. Physical exercise-induced fatigue: the
role of serotonergic and dopaminergic systems. Braz | Med Biol Res.
2017;50(12):e6432.

Rabelo PCR, Almeida TF, Guimaraes JB, et al. Intrinsic exercise capacity is

27

39.

40.

Asia-Pacific Journal of Sports Medicine, Arthroscopy, Rehabilitation and Technology 34 (2023) 20—27

related to differential monoaminergic activity in the rat forebrain. Brain Res
Bull. 2015;112:7-13.

Zheng X, Hasegawa H. Administration of caffeine inhibited adenosine receptor
agonist-induced decreases in motor performance, thermoregulation, and brain
neurotransmitter release in exercising rats. Pharmacol Biochem Behav.
2016;140:82—-89.

Zhang LQ, Wang G, Nuber GW, Press JM, Koh JL. In vivo load sharing among the
quadriceps components. J Orthop Res. 2003;21(3):565—571.


http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref34
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref35
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref35
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref35
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref36
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref36
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref36
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref37
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref37
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref37
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref38
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref38
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref38
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref38
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref39
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref39
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref39
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref39
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref39
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref40
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref40
http://refhub.elsevier.com/S2214-6873(23)00009-2/sref40

	Effect of moxibustion on knee joint stiffness characteristics in recreational athletes pre- and post-fatigue
	1. Introduction
	2. Methods
	2.1. Participants
	2.2. Study design
	2.3. Intervention
	2.4. Measurements
	2.4.1. Pre-intervention assessment
	2.4.2. Post-intervention/pre-fatigue assessment
	2.4.3. Treadmill running fatigue protocol
	2.4.4. Post-fatigue assessment

	2.5. Statistical analysis

	3. Results
	4. Discussion
	4.1. Changes from pre-intervention to post-intervention/pre-fatigue
	4.2. Changes from post-intervention/pre-fatigue to post-fatigue
	4.3. Non-significant findings
	4.4. Limitations

	Ethics approval and consent to participate
	Fundings
	Availability of data and materials
	Declaration of competing interest
	Acknowledgements
	References


