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A B S T R A C T

Objective: To investigate the acute effects of blood flow restriction (BFR) with single-leg low load resistance ex-
ercise and high load resistance exercise on serum insulin-like growth factor-1 (IGF-1), growth hormone (GH), and
testosterone in patients with unilateral knee osteoarthritis (OA).
Methods: This study recruited 18 postmenopausal female patients with mild to moderate unilateral knee OA,
which was then followed by randomly conducting three resistance exercise protocols by drawing lots: 1. A 30% 1-
repetition maximum (1-RM) resistance exercise with BFR of 70% arterial occlusive pressure (AOP) (BFR group); 2.
A 70% 1-RM resistance exercise without BFR (RES group); 3. A 30% 1-RM resistance exercise without BFR (CON
group). Blood lactate (BLA) and muscle growth related hormone levels were tested at 4-time points: before ex-
ercise, immediately after exercise, 15 min after exercise, and 30 min after exercise.
Results: There was no statistical difference between the indexes in each group before exercise, but the different
exercise had different effects on each index and also an interactive effect (P < 0.05). The increase of rating of
perceived exertion in the BFR and RES groups, which were of similar magnitude, was greater compared to the
levels in the CON group (P < 0.05). Post-exercise BLA levels were lower in the CON group in comparison to the
BFR and RES groups (P < 0.05). Rather than the RES group, GH levels of the BFR group were also significantly
higher than the CON group (P < 0.05) at 15 min post-exercise. At post- and 15 min after exercise, the CON group
recorded significantly lower IGF-1 levels compared to the BFR and RES groups (P < 0.05). At post- and 15 min
after exercise, the CON group (P < 0.05) reflected the lowest testosterone levels, followed by the RES group (P <

0.05), and the highest in the BFR group (P < 0.05).
Conclusions: Myogenesis-related hormones in women with unilateral knee OA could be increased by high load
resistance exercise and low load resistance exercise with BFR on unaffected limb.
1. Introduction

Osteoarthritis (OA) is a dynamic, progressive disease causing signif-
icant disability and loss of function [1]. The decline of physical function
caused by OA is one of the significant clinical manifestations of female
patients with knee OA [2, 3]. Studies demonstrated that the incidence
rate of knee osteoarthritis in female is 2–3 times that in male [4, 5],
which may be due to the difference in biomechanical environment dur-
ing walking caused by the different strength [6] and muscle activation
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modes [7] between female and male. Hence, improving muscle strength
and promoting physical function recovery is an important goal of reha-
bilitation of female knee OA.

Resistance exercise is a traditional method to improve muscle mass
and muscle strength [8], Nevertheless, the capacity to tolerate the high
mechanical stresses directed onto the joints during heavy resistance
training varies among individuals. A combination low load resistance
training and blood flow restriction (BFR) could elicit parallel impacts as
high load resistance training, which has recently led to its frequent use in
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the rehabilitation of knee OA [9]. The basic principle that BFR exercise
promotes muscle hypertrophy is partly due to the fact that the pressur-
ized cuff restricts the inflow of arteries, leading to local hypoxia and
greater lactate accumulation, while blocking venous outflow, resulting in
continuous stimulation of afferent nerves [10]. These strong stimuli can
promote the body to secrete growth related hormones, which is condu-
cive to muscle hypertrophy [11]. Additionally, a study [12] revealed that
single-leg BFR training effectively improved the muscle strength of the
contralateral limb in healthy adults, known as the crossover effect. This
event might result from the systemic circulation of myogenic-related
hormones. Due to the affected leg of a patient with unilateral knee
osteoarthritis may be accompanied by greater risk during resistance ex-
ercise [13], it may be safer to use the unaffected leg for resistance ex-
ercise with BFR. This provides a new idea for sports rehabilitation of
patients with unilateral knee OA. Nonetheless, the effect of unilateral
limb exercise on serum myogenesis-related hormones in patients with
knee OA remains unclear.

Our previously published study [14] demonstrated that BFR training
promotes the production of muscle growth-related hormones in healthy
adults. Therefore, this study aims to elucidate the acute effects of BFR
with single-leg low load resistance exercise and high load resistance
exercise on insulin-like growth factor-1 (IGF-1), serum growth hormone
(GH), and testosterone in patients with unilateral knee OA. The findings
will provide the theoretical basis to assist researchers and physical
therapists in developing a more scientific exercise strategy.

2. Methods

2.1. Research objects

This study recruited 18 postmenopausal female patients with mild to
moderate unilateral knee OA. Multiple sources were utilised in recruiting
the patients, including direct mailings, advertisements in popular news-
papers, and several community approaches. Participants were eligible for
recruitment if they fulfilled the following inclusion criteria: (1) post-
menopausal female (2) aged between 40 and 70 years old, (3) symp-
tomatic unilateral knee OA (4) Currently experiencing objective
functional limitations and (5) not participating in any regular resistance
training.

A two-stage protocol was employed in defining patients with knee
OA: evidence of osteophytes based on radiographic imaging and either a
grade 2 or 3 of the target knee upon bilateral standing anterior-posterior
radiograph [15]. A certified radiologist or physiatrist performed the
reading of the X-rays. Meanwhile, potential participants were excluded
from this study if (1) their health status contradicted the use of a tour-
niquet (Such as cardiovascular disease, musculoskeletal injury, metabolic
syndrome and severe obesity), (2) currently suffering from peripheral
vascular disorders or any condition contradicting subjecting them to
exercise training, and (3) high blood pressure defined by a diastolic blood
pressure >100 mm Hg or resting systolic blood pressure >160 or <100
mm Hg [16]. Overall, patients with a history of other health conditions
precluding safe participation were excluded. The experiments were
performed upon receiving the written and oral consent of each partici-
pant. This study was conducted following The Code of Ethics of theWorld
Medical Association (Declaration of Helsinki), printed in the British
Medical Journal (18 July 1964). Approval for this experiment was
granted by the Ethics Committee of Qingdao Hospital of Traditional
Chinese Medicine (Number: 2022-HYJ-247). The study was registered in
the ISRCTN registry (Number: ISRCTN51633853). The sample size was
estimated using G*power (Version 3.1.9.2) by assuming a post-hoc
power (1-β err prob) of 0.99.

2.2. Experimental design

This study utilised a single-blind crossover experimental design. The
participants undertook pre-tests and were trained to practice the motor
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movements the day before the formal test to enhance the test accuracy.
Each participant had to perform the 1-repetition maximum (1-RM) test
of the unaffected limb prior to the formal exercise, which was then
followed by randomly conducting three resistance exercise tests by
drawing lots: 1. A 30% 1-RM resistance exercise with BFR of 70%
arterial occlusive pressure (AOP) (BFR group); 2. A 70% 1-RM resis-
tance exercise without BFR (RES group); 3. A 30% 1-RM resistance
exercise without BFR (CON group). The washout period of each test was
72 h. In order to avoid hormonal effects, the rhythmic test was per-
formed in the afternoon (14:00 to 16:30). The blood collection site was
the elbow vein and the blood samples were assessed for systemic
biochemical markers. Specifically, blood sampling was conducted
before and immediately after exercise, and subsequently at 15 min and
30 min post-exercise.
2.3. Maximum strength test

The exercise prescription guidelines proposed by the American Col-
lege of Sports Medicine (ACSM) were followed in executing the partici-
pants'1-RM assessments [16]. Leg curl and extension of the unaffected
limb were the main contents of the test. The participants had to famil-
iarise themselves with the test procedure before executing a warm-up
exercise, comprising numerous knee resistance exercises. The partici-
pants chose the initial weight (50%–70% 1-RM) during the test in line
with the range of self-predictive ability. Upon completing each test, the
load was amplified by 10%–20% until the participant could not execute
the programmed frequency of repetitions. The participants maintained
the same joint range of motion and speed. Resultantly, a 1-RM was
achieved within four tests with a corresponding resting time of 3 min
between each test. The 1-RM value was documented as the weight of the
last executed test.
2.4. Exercise protocols

The exercise load of 30% 1-RM was utilised by the CON and BFR
groups, whereas the exercise load of 70% 1-RM was used by the RES
group. The healthy limbs in each test required six sets of knee extension
and flexion exercises utilising a sitting posture bending exerciser (HS-
SLC, Life Fitness, Schiller Park, IL, USA) and a sitting leg extension
exerciser (HS-LE, Life Fitness, Schiller Park, IL, USA). Both devices used
similar movement modes that required the back of the body to be adja-
cent to the seat, holding the handles with both hands, and modifying the
calf's force point to the ankle joint. The eccentric contraction and
concentric contraction were 3 s each, each set was repeated 15 times,
with 1 min interval between each set. For the BFR group, the participants
were required to wear a pneumatic cuff with 70% AOP on their unaf-
fected limbs (SC12L, Hokanson, Bellevue, WA, USA). This device
assumed a straight cuff with a 12 � 124 cm in sized nylon sleeve on the
outside. The cuff was worn on the upper third of the thigh (proximal end
of the legs) during the exercise. Specifically, the cuff was adjacent to the
lower limbs and perpendicular to the limbs when fastened. The device
was detached upon completing the exercise [17].
2.5. Blood flow pressure setting

Following the test method described in a previous study [18], the
participants' blood flow occlusion pressures were evaluated with a BFR
cuff and a Doppler probe (DV-600, Marted, Ribeirao Preto, Sao Paulo,
Brazil) [18]. While maintaining a supine position, the cuff was positioned
on the proximal end of the participants’ unaffected thighs and inflated
gradually (i.e., 1 mmHg) until pressure is attained in which no arterial
pulse could be further detected. The arterial occlusion pressure was
recorded as the minimum pressure in which no pulse was detected, and
then the average value was taken after three tests.



Table 2. Exercise load and cuff pressure.

Variable Mean � standard deviation

Leg extension 1-RM (kg) 42.16 � 5.03

30% Leg extension 1-RM (kg) 12.65 � 1.51

70% Leg extension 1-RM (kg) 29.51 � 3.52

Leg curl 1-RM (kg) 43.12 � 6.59

30% Leg curl 1-RM (kg) 12.94 � 1.98

70% Leg curl 1-RM (kg) 30.18 � 4.61

AOP (mmHg) 179.94 � 98.26

70% AOP (mmHg) 125.96 � 52.78

1-RM ¼ 1 Repetition maximum; AOP ¼ Arterial occlusion pressure.

Figure 1. The effects of resistance exercise on RPE on each groups. Note:
* represents a significant difference compared with Pre; a represents a signifi-
cant difference compared with CON group.
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2.6. Perceived exertion

The rating of perceived exertion (RPE) scale was used to evaluate
subjective load before and after exercise. Participants were informed that
a rating of 6 depicts a rating of 6 meant they sensed no exertion, whereas
20 reflects they were exerting maximum effort and unable to further
exert themselves [19].

2.7. Blood sample

Blood sampling was performed at various time points as described in
the study design. The serum samples were allowed to stand for 30 min,
centrifuged at 3000 revolutions per min (rpm) for 15 min, and stored at
-80 �C before usage. Serum IGF-1, GH, blood lactate (BLA), and testos-
terone were analysed using the double-antibody sandwich enzyme-
linked immunosorbent assay (Enzyme-linked immunosorbent assay,
ELISA).

2.8. Statistical analysis

Statistical analyses were performed using the SPSS 24.0 software
(IBM, USA). Data normality was assessed using the Shapiro-Wilk
normality test. All the data conformed to normality assumptions and
they were presented as mean � standard deviation (Mean � SD). Alter-
ations in testosterone, BLA, IGF-1, and GH levels at different periods were
tested using a two-way repeated-measures analysis of variance (ANOVA).
The same statistical test was employed in analysing the alterations of RPE
at pre-and post-exercise. All the analyses for each group were checked for
the main and interaction effects. If either of the two effects was signifi-
cant, the multiple comparisons were conducted using the Newman-Keuls
method. Statistical differences were considered at P-values less than
0.05.

3. Results

3.1. Participants’ physical characteristics

Table 1 depicts the participants’ physical characteristics. A total of 18
patients completed all the tests and exercise protocols, and no adverse
effects were documented. Meanwhile, Table 2 presents the exercise load
and cuff pressure used by patients during the exercise.

3.2. Changes in RPE

No statistical difference was detected in the RPE between the groups
pre-exercise (Figure 1) but the influence of various exercise groups was
Table 1. Physical characteristics of patients.

Variable Mean � standard deviation

Age (yr) 54.06 � 4.45

Height (m) 1.63 � 0.04

Weight (kg) 58.67 � 5.91

BMI (kg/m2) 22.10 � 1.78

Affected limb (L:R) 11:7

SBP (mmHg) 132.22 � 14.87

DBP (mmHg) 83.78 � 8.42

Rest HR (beat/min) 71.83 � 4.58

WOMAC Pain 8.05 � 2.53

WOMAC Stiffness 4.16 � 2.50

WOMAC Physical Function 20.79 � 5.51

BMI ¼ Body mass index; SBP ¼ Systolic blood pressure; DBP ¼ Diastolic blood
pressure; HR ¼ Heart rate; WOMAC ¼ Western Ontario and McMaster Univer-
sities Osteoarthritis Index.
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different with a significant interaction effect (P < 0.05). The time effect
of RPE was also significant (P < 0.05) as the RPE levels of each group
post-exercise were significantly higher compared to pre-exercise. The
increase in RPE in the BFR and RES groups, which were of similar
magnitude, was greater compared to the levels in the CON group (P <

0.05).

3.3. Changes in blood lactate

Following Figure 2, the BLA was not statistically different between
the groups pre-exercise. Meanwhile, the influence of different exercise
groups was significantly different with a statistically significant interac-
tion effect (P< 0.05). Additionally, the time effect of RPE was significant
(P < 0.05). Post-exercise BLA levels were lower in the CON group in
comparison to the BFR and RES groups (P < 0.05). At 15 min post-
exercise, the LOW group reflected significantly lower average BLA
compared to that of the HIGH group. The CON group recorded the lowest
average BLA compared that the two other groups (P < 0.05). The BLA
was not statistically different between the groups at 30 min post-exercise.

3.4. Changes in growth hormone

Figure 3 presents the GH levels in the various experimental groups.
Resultantly, no statistical difference was detected in GH levels between
the groups pre-exercise. The effects of BFR varied at different pressures,
with a significant interaction effect (P < 0.05). A significant result was
also recorded for the time effect of GH (P < 0.05). Meanwhile, GH levels
were not statistically different between the groups immediately post-
exercise and 15 min later. Rather than the RES group, GH levels of the
BFR group were also significantly higher than the CON group (P < 0.05)
at 15 min post-exercise.



Figure 4. Changes of IGF-1 before and after exercise in each group. Note:
* represents a significant difference between the CON group and the BFR group;
# represents a significant difference between the CON group and the RES group.

Figure 5. Changes of testosterone before and after exercise in each group. Note:
* represents a significant difference between the CON group and the BFR group;
# represents a significant difference between the CON group and the RES group;
& represents a significant difference between the BFR group and the RES group.

Figure 2. Changes of BLA before and after exercise in each group. Note:
* represents a significant difference between the CON group and the BFR group;
# represents a significant difference between the CON group and the RES group;
& represents a significant difference between the BFR group and the RES group.
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3.5. Changes in insulin-like growth factor 1

Although no statistical difference was recorded in IGF-1 levels be-
tween the groups pre-exercise (Figure 4), the effect of BFR differed at
various pressures with a significant interaction effect (P < 0.05). The
time-effect of IGF-1 was also significant (P < 0.05). Specifically, at post-
and 15 min after exercise, the CON group recorded significantly lower
IGF-1 levels compared to the BFR and RES groups (P< 0.05). Meanwhile,
no between-group statistical difference was recorded in the IGF-1 at 30
min post-exercise.

3.6. Changes in testosterone

Figure 5 depicts the between-group comparison of testosterone levels
pre-exercise. No statistical difference was detected in testosterone levels
between the groups pre-exercise. A significant interaction effect (P <

0.05) was recorded in line with the influence of BFR at various pressures.
Likewise, the time effect of testosterone was significant (P < 0.05). At
post- and 15 min after exercise, the CON group (P < 0.05) reflected the
lowest testosterone levels, followed by the RES group (P< 0.05), and the
highest in the BFR group (P < 0.05). At 30 min post-exercise, the
testosterone levels of the CON group was significantly lower in com-
parison to the BFR and RES groups (P < 0.05).
Figure 3. Changes of GH before and after exercise in each group. Note: * rep-
resents a significant difference between the CON group and the BFR group; #
represents a significant difference between the CON group and the RES group.
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4. Discussion

Results from this study revealed that both BFR and RES groups
recorded a significant increase in myogenic-related hormones post-
exercise, which was significantly higher compared to that of the CON
group. Notably, the BFR group demonstrated higher testosterone secre-
tion levels compared to the RES group post-exercise. These findings
highlighted that a combination of BFR and low load resistance exercise is
more conducive to the secretion of testosterone levels than high load
resistance exercise, Hence, the proposed programmes seem better in
enhancing muscle growth.

In previous studies [12, 20], it has been proved that BFR of one limb is
beneficial to the strength improvement of the opposite limb, which is
called the crossover effect of BFR exercise. In the study of Bowman et al.
[12], the control group used 30% 1-RM load for 6 weeks of resistance
training without BFR, while the BFR group applied unilateral BFR with
80% AOP on the exercise protocol of the control group. The results
showed that the muscle strength and circumference of the limbs without
BFR in the BFR group were significantly improved compared with the
control group after intervention. It is speculated that the higher meta-
bolic pressure may lead to the increase of synthesis related hormones,
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which may further promote muscle hypertrophy. This study further
verified the possible mechanism of crossover effect on the basis of its
research. In addition, the muscle strength and function of the affected leg
are weak [21] and the risk of resistance exercise is high [13]. Therefore,
restoring the function of the affected leg has become the primary goal of
rehabilitation of patients with unilateral knee OA. The results of this
study also provide a potential exercise prescription for the rehabilitation
of patients with unilateral knee OA to reduce the exercise risk of the
affected leg.

The GH is essential in bone growth and development. Young in-
dividuals subjected to low-intensity resistance exercise with BFR were
reported to demonstrate high GH levels [22]. A study by Takarada et al.
[23] posited that BFR resistance exercise of knee joint extension in five
groups reflected increased GH levels by 290 times. Notably, the HIGH,
LOW, and CON groups were about 28, 18, and 14 times higher, respec-
tively. The present GH levels are lower compared to a previous report
[24]. In addition, The present study depicts that peak GH levels are ob-
tained in the range of 15–30 min post-exercise, which coincides with an
earlier study [25]. The increased metabolic stress might explain the
higher GH secretion levels in the BFR and RES groups, which were
significantly higher compared to the CON group. Specific metabolic
stress has been reported during resistance exercise. Moreover, BFR can
further heighten the metabolic stress to facilitate the accumulation of
metabolites and promote GH secretion [26]. A similar trend was
demonstrated in the BLA index in this study (BFR group � RES group >

CON group). Both high and low load resistance exercises with BFR
increased the accumulation of metabolites in the body significantly
compared with low load resistance exercise without BFR. This also
confirms the above inference to a certain extent. In addition, GH can
complete its biosynthesis and increase muscular adaptations mediated by
IGF-1 [27], hence, the body's IGF-1 level might be affected to a certain
degree following the increase of GH during exercise. Finally, estrogen
may also affect the secretion of hormones such as GH after exercise [28].
However the participants in this study are all postmenopausal women,
the influence of estrogen on the secretion of hormones after exercise is
avoided to a certain extent.

The IGF-1 participates actively in cell growth and is highly similar to
GH, but the acute response of resistance exercise to IGF-1 is still poorly
understood. Serum IGF-1 was significantly increased following low BFR
resistance [25], which contradicts the reports by Fujita et al. [29]. Both
BFR and RES groups recorded a significant increase in IGF-1 levels
post-exercise compared to the CON group. Meanwhile, comparisons be-
tween the BFR and RES groups revealed no statistically significant dif-
ference. Parallel effects on IGF-1 might be elicited in response to low and
high load resistance exercises with BFR, which may be a potential option
for traditional high load resistance exercise. The liver could be stimulated
by circulating GH levels to secrete IGF-1 [30]. The present study reflects
that a significant increase in IGF-1 and GH levels occurred following a
low load resistance exercise with BFR. Hence, elevated GH levels may
explain the elevated IGF-1 recorded in this study.

Testosterone, a cholesterol-derived steroid, plays a vital role in
enhancing muscle synthesis and growth. Testosterone also inhibits the
secretion of ubiquitin and is antagonistic to cortisol, thus reducing the
breakdown of muscle protein [24, 25]. In the current study, the low load
resistance exercise with the BFR group exhibited higher testosterone
secretion levels compared to the high load resistance exercise group. This
might be explained by the greater metabolic pressure induced by BFR.
Lactic acid can promote cAMP generation in rat interstitial cells and
stimulate the production of testosterone [26, 27], while BFR can increase
the secretion of catecholamines [26]. Catecholamines can also be stim-
ulated by β2-adrenergic receptors in the mouse testes.

Regarding the research linking OA to testosterone levels, the preva-
lence of knee OA has been associated with lower serum testosterone
levels [31]. A positive association was also found in a previous study
between medial tibial cartilage thickness and higher serum testosterone
levels [32]. Meanwhile, a larger study involving men aged 60 years and
5

above suffering from knee OA revealed positive relationships between
men with less Western Ontario and McMaster Universities Osteoarthritis
Index (WOMAC) stiffness and higher testosterone levels [30]. Mean-
while, women with higher testosterone levels were more likely to display
better WOMAC function [33]. Hence, increasing testosterone levels is
generally beneficial for patients with knee OA. This study increased
circulating levels of testosterone by exercising the unaffected leg while
keeping the affected leg safe, and this effect may also benefit the affected
leg. This suggests that unilateral low load resistance training may be a
potential exercise regimen that can increase testosterone levels knee OA
patients.

Several limitations were inherent in this study. Only female patients
with unilateral knee OAwere recruited in this study, thus the findings are
not generalizable to male patients. This study does not represent muscle
hypertrophy effects of long-term intervention given the short-term
follow-up periods. Likewise, this study only theoretically established
the effect of unilateral limb exercise on systemic myogenesis. The po-
tential systemic effect of unilateral limb exercise on the affected limb
requires further investigation. It is not clear whether long-term unilateral
BFR training will bring about the effect of muscle imbalance. In future
studies, the participation group should be further expanded to include
more patients requiring rehabilitation after musculoskeletal disorders.
The long-term intervention effect of training on the unaffected and
affected limbs should be explored in the future, and further pay attention
to its impact on muscle strength imbalance on the basis of improving the
muscle strength of the affected side. Finally, the safety-related issues and
the dose-response relationship during exercise can be further investi-
gated in longitudinal studies.

5. Conclusion

Myogenesis-related hormones in women with unilateral knee OA
could be increased by high load resistance exercise and low load resis-
tance exercise with BFR. Additionally, low load resistance exercise with
BFR was more conducive to improve post-exercise serum testosterone
levels in comparison to high load resistance exercise.
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