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Background: The effectiveness and practicality of blood flow restriction training (BFRT) as a nonsurgical intervention for treating
patients with knee injuries are uncertain because of the small size of BFRT trials and inconsistent results.

Purpose: To conduct a meta-analysis comparing the effectiveness of BFRT versus traditional resistance training in patients with
knee osteoarthritis (OA) in terms of pain, muscle strength, functional performance, self-reported function, muscle size, and
adverse events during exercise.

Study Design: Systematic review; Level of evidence: 1.

Methods: Under the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, we searched
the Web of Science, PubMed, EMBASE, and other databases for randomized controlled trials of BFRT interventions in patients
with knee OA. Methodological and quality evaluations, heterogeneity analysis, and subgroup analysis of the included studies were
conducted, and effect sizes were evaluated using mean differences or standardized mean differences (SMDs). Subgroup and
sensitivity analyses were used to explore the sources of heterogeneity.

Results: Of 2826 initial studies, 6 studies (N = 228 patients) were included. The results of the meta-analysis indicated that
compared with resistance training, BFRT did not significantly affect pain relief (SMD, 20.02 [95% CI, 20.30 to 0.26]; P =
.88), muscle strength (SMD, 0.32 [95% CI, 20.33 to 0.96]; P = .33), functional performance (SMD, 0.25 [95% CI, 20.29 to
0.80]; P = .36), or self-reported function (SMD, 20.252 [95% CI, 20.88 to 0.45]; P = .52). However, BFRT reduced the risk
of adverse events (risk ratio, 0.45 [95% CI, 0.20 to 1.01]; P = .05). Subgroup analysis revealed that compared with low-load
resistance training, BFRT significantly increased muscle size (SMD, 0.88 [95% CI, 0.09 to 1.68]; P = .02). The quality-of-evi-
dence assessment indicated that the evidence level for the above outcomes was low and that the strength of the recommen-
dation was weak.

Conclusion: The results of our meta-analysis indicated that compared with resistance training, BFRT did not significantly improve
symptom outcomes in patients with knee OA. It is important to acknowledge that the findings were limited by the small number of
studies and sample sizes that were included.
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Osteoarthritis (OA) is the most prevalent chronic degener-
ative bone and joint disease among middle-aged and
elderly individuals globally, and the knee is particularly
susceptible to OA.31 In the United States, almost 40% of

older adults suffer from symptomatic knee OA, which typ-
ically presents with pain, stiffness, decreased joint mobil-
ity, and muscle weakness.10 The pathogenesis of knee OA
is closely related to several factors.45 Normal wear and
tear, abnormal mechanical loading, injury, and aging are
all common causes of damage to articular cartilage, sub-
chondral bone, synovial tissue, and ligaments, leading to
alterations in the extracellular matrix composition and
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stimulating chondrocytes to produce more catabolic factors
involved in cartilage degradation—such matrix metallo-
proteinases and a disintegrin and metalloproteinase with
thrombospondin motifs—resulting in a progressive loss of
proteoglycans, followed by degradation of type 2 collagen.37

Continuation of this process disrupts cartilage integrity,
increases the water content of hyaline cartilage, and indu-
ces apoptosis of articular chondrocytes, ultimately leading
to knee OA symptoms.57

Rehabilitation training through exercise aims to
enhance any aspect of a patient’s body function either
through the patient’s strength or with the aid of specific
equipment.46 This approach is nonpharmacological and is
recommended by the treatment guidelines of the Osteoar-
thritis Research Society International2 and the American
College of Rheumatology.21 A systematic review of random-
ized trials of exercise-based therapies for patients with knee
OA showed that exercise significantly reduced pain and
improved physical function and quality of life.13 In addition,
exercise training improves cardiorespiratory fitness, muscle
strength, joint balance, and mental health.14

Resistance training is a common rehabilitation option
for patients with knee OA, usually combined with anaero-
bic, aerobic endurance, or aquatic exercise using a progres-
sive loading strategy based on self-weight.9,25,36 A study of
patients with knee OA demonstrated significant improve-
ments in function, strength, and joint mobility after 8 weeks
of resistance training.38 According to American Medical
Association recommendations, the minimum mechanical
load required to improve muscle strength and mass during
resistance training is 60% and 70% of the 1-repetition max-
imum (1-RM; ie, the maximum weight that can be lifted
only once), respectively.1 However, in patients with knee
OA, high-intensity resistance training can increase joint
stress, leading to further escalation and worsening of pain
and decreased patient compliance with training.32 It has
been shown that 40% of patients with knee OA (40-70 years
old) who perform high-intensity resistance exercise with
large muscle groups (70% of 1 RM) experience a significant
increase in knee cartilage systolic blood pressure (up to 250
mm Hg), resulting in several orthopaedic injuries.39

In 2014, Scott et al41 reported that low-intensity endur-
ance exercise performed with blood flow restriction
improved muscle strength and mass while minimizing
adverse events, and a later study by Conceicxão et al8 indi-
cated that such training enhanced motor adaptions in
patients. Blood flow restriction training (BFRT) is synony-
mous with terms such as kaatsu, occlusion training, and
hypoxic training.30 The purpose of BFRT is to reduce partial
arterial blood inflow while blocking venous blood flow7 of
the limb during resistance training or exercise by using

tourniquets,47 inflatable cuffs,50 or elastic knee pads,29

thereby inducing local hypoxia environment during exer-
cise. Reducing joint load by applying a lower resistance
load achieves similar results as high-load resistance train-
ing (HLRT) (�70% of 1-RM) in terms of increasing muscle
size and strength.41 Although the American College of
Sports Medicine recommends that resistance training loads
should exceed 60% of the 1-RM to achieve muscle hypertro-
phy,1 various studies have demonstrated that even low-
intensity BFRT (20% of 1-RM) can result in substantial
gains in muscle hypertrophy and muscle strength.49,51

There is yet to be a consensus on the effectiveness of
BFRT owing to the limited sample sizes of BFRT trials in
patients with knee OA and the variability of the results.
Some studies have shown that resistance training that
restricts blood flow in patients with knee OA reduces joint
stress and pain, increases muscle strength, improves quad-
riceps mass, and increases joint motor function.11 However,
Teixeira et al53 concluded by performing BFRT on 49 men
that BFRT incorporated into HLRT during rest intervals
or muscle contractions did not enhance muscle strength or
hypertrophy. In addition, pain is an essential indicator of
the effect of exercise interventions in patients with knee
OA, but pain scores have yet to be evaluated in previous
studies.22 It is also essential to consider the safety of
BFRT in patients with knee OA, as most of this population
is elderly and has various complications. Therefore, the effi-
cacy and feasibility of BFRT as a nonsurgical intervention
for treating patients with knee injuries remain uncertain.

The purpose of this systematic review was to evaluate
the efficacy of BFRT compared with traditional resistance
training in patients with knee OA. As variability in subject
populations, adverse events, training cycles, and outcome
measures in previous studies may have contributed to
inconsistencies in experimental results, we included only
randomized controlled trials (RCT) and synthesized, gener-
alized, and specified training effects of the included stud-
ies. We hypothesized that BFRT would be more effective
in improving pain, muscle strength, functional perfor-
mance, self-reported function, and muscle size while reduc-
ing adverse events in patients with knee OA compared
with conventional resistance training.

METHODS

Search Strategy

The search strategy and reporting of this systematic
review adhered to the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines35
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and followed the recommendations of the Cochrane Hand-
book for Systematic Reviews.20 The protocol of the review
was prospectively registered in PROSPERO and submitted
online in February 2024 (ID: CRD42024516481).

Two researchers (J.H. and Q.W.) searched for relevant
studies in a systematic and double-masked manner using 4
sets of keywords in accordance with the PRISMA statement.35

The databases that were searched included Web of Science,
PubMed, EMBASE, and the Cochrane Library, and the search
dates ranged from January 1, 2000, to April 13, 2024. The first
set of keywords comprised synonyms for BFRT as follows:
‘‘KAATSU,’’ ‘‘blood flow,’’ ‘‘BFR,’’ and ‘‘occlusion.’’ The second
set of keywords included synonyms for OA of the knee as fol-
lows: ‘‘KOA,’’ ‘‘OA,’’ ‘‘osteoarthritis,’’ and ‘‘arthritis.’’ The third
set of keywords comprised synonyms for exercise intervention
as follows: ‘‘exercise,’’ ‘‘train,’’ and ‘‘training.’’ To ensure that at
least 1 search term within each set of keywords was included
in the results, the Boolean operator ‘‘OR’’ was used to connect
all synonyms, and synonyms between sections were connected
by ‘‘AND.’’ Additionally, ClinicalTrials.gov and the Interna-
tional Clinical Trials Registry Platform were searched to iden-
tify unpublished records.

Inclusion and Exclusion Criteria

Inclusion Criteria. The selection and assessment of the
literature were conducted according to the population,
intervention, comparators, outcome[s], and study design
principle23: (1) The population of interest was patients meet-
ing the diagnostic criteria for knee OA as outlined in the
Osteoarthritis Diagnostic Guidelines of the Orthopedic
Branch of the Chinese Medical Association (2019 edition)58

or the American College of Rheumatology.12 No restrictions
were placed on the age, sex, or clinical course56 of the
patients, and there were no racial or geographic limitations.
(2) Regarding intervention and comparators, this study
compared BFRT with other exercise interventions—
including HLRT (�70% of 1-RM); moderate-intensity resis-
tance training (40%-70% of 1-RM); low-load resistance
training (\40% of 1-RM), stretching, and brisk walking.
(3) For outcome indicators, studies were required to include
at least 1 of the following outcomes: pain, muscle strength,
muscle size, functional performance, self-reported function,
or adverse events. Adverse events were defined as unin-
tended or unexpected incidents that may result in tempo-
rary or permanent disability for the patient.55 (4)
Regarding study design, the included studies were all RCTs.

Exclusion Criteria. Excluded were (1) studies pub-
lished in a language other than English, (2) literature
reviews, (3) animal studies, (4) studies in which data could
not be extracted or combined, and (5) studies in which par-
ticipants underwent surgery—eg, total knee replacement
or anterior cruciate ligament reconstruction—or experi-
enced lower extremity trauma.

Data Extraction

Upon completion of the literature retrieval process, the col-
lected sources were uniformly imported into the literature

management software to eliminate any duplicates. Two
researchers (J.H. and Q.W.) independently screened the
literature according to the inclusion and exclusion criteria
and extracted data using Excel (Microsoft Corp). Any dis-
crepancies in judgment were discussed with a third
researcher (L.Z.) to reach a consensus. The extracted
data included information such as the study authors,
year of publication, patient characteristics (sample size,
age, and sex), intervention (intervention mode, interven-
tion period, training intensity, cuff position, and pressure),
and outcome metrics (pain, muscle strength, muscle size,
functional performance, self-reported function, and
adverse events).

Quality Assessment

The methodological evaluation of the 6 included papers
was based on the Cochrane Handbook for Systematic
Reviews (Version 5.1.0),16 and the risk of bias was scored
individually for each study by 2 authors (J.H. and Q.W.)
independently. Disagreements were resolved through dis-
cussion with a third researcher (L.Z.). The Cochrane eval-
uation criteria consist of randomized sequence generation
(selective bias), allocation concealment (particular bias),
blinding of the subject investigators (implementation
bias), blinding of the outcome assessment (measurement
bias), incomplete outcome data (follow-up bias), selective
reporting (reporting bias), and other biases. Each indicator
is categorized as low risk, unclear risk, or high risk of bias,
and an overall grade is then assigned: grade A (�4 items
with low risk), grade B (2-3 items with low risk), and grade
C (0-1 items with low risk; possibility of bias).16

Evaluation of the Quality of Evidence

The Grading of Recommendations, Assessment, Develop-
ment, and Evaluations (GRADE) system was used to eval-
uate the quality of evidence for meta-analysis.17 The
GRADE comprises 5 assessment categories—study limita-
tions (risk of bias); inconsistency; indirectness; impreci-
sion; and publication bias—each categorized as none (not
downgraded), severe (downgraded by 1 level), or very seri-
ous (downgraded by 2 levels). The quality of evidence is
categorized into 4 levels—high, moderate, low, or very low.

Statistical Analysis

Heterogeneity and subgroup analyses of the outcome indi-
cators of the continuous variables included in the study
were performed using Review Manager 5.4 software (The
Cochrane Collaboration, 2020). The effect sizes were eval-
uated using the mean difference for consistent units of con-
tinuous data and the standardized mean difference (SMD)
with 95% CI for units that were not consistently presented;
for SMD, \0.5 indicated small effect size, 0.5 � SMD \0.8
indicated medium effect size, and �0.8 indicated large
effect size. For comparison, the risk ratio (RR) with 95%
CI was used to evaluate noncontinuous data. The degree
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of heterogeneity was quantitatively analyzed using the I2

statistic, which represents the level of heterogeneity
between studies and ranges from 0% to 100%. Heterogene-
ity among studies was classified as none (I2 = 0%); small
and negligible (I2 = 0%-25%), low degree (I2 = 25%-50%),
medium (I2 = 50%-75%), and high (I2 = 75%-100%). Com-
parisons of studies with low heterogeneity were analyzed
using a fixed-effects model, while those of studies with
moderate and high heterogeneity were analyzed using
a random-effects model. Subgroup and sensitivity analyses
were used to explore the sources of heterogeneity and were
performed using Stata/SE 15.1 (StataCorp).

RESULTS

Search Results

A total of 2826 studies were identified across the 4 data-
bases, resulting in the elimination of 744 duplicates. After
the initial screening, 2082 studies remained, but 2019 were
deemed irrelevant after a review of their titles and
abstracts. Subsequently, 63 studies underwent a second
screening based on the exclusion criteria, of which 57
were excluded. Reasons for exclusion included wrong study
design (not an RCT), missing pre- or posttest values, dupli-
cate experiments, nonconformity to the indicator format,
synergistic treatment with drugs, and documents report-
ing only study design protocols. Ultimately, 6 stud-
ies4,11,19,42,43,44 were included in the present review. The
screening process is illustrated in Figure 1.

Study Characteristics

The baseline information for the 6 included studies, pub-
lished between 2015 and 2021, is shown in Table 1. The
studies comprised 228 patients with knee OA (61 men
and 167 women; mean age, 61.05 6 7.75 years). Partici-
pants in 2 studies4,44 (n = 64) had a previous diagnosis of
knee OA, in 2 studies11,19 (n = 83) the participants were
screened using diagnostic criteria promulgated by the
American College of Rheumatology, and in the remaining
2 studies42,43 (n = 81) the participants were screened based
on risk factors for knee OA. Of the studies involving BFRT,
all described where the cuffs were worn, and 3 described
the cuff size in detail,11,42,43 but the blood flow occlusion
protocol varied between studies. In 2 studies,42,43 the cuff
pressure was gradually increased from 30 to 40 mm pump-
ing during the preparation phase to 160 to 200 mm pump-
ing during individual training sessions; 1 study11 set cuff
pressure at 70% of the total arterial occlusion pressure; 2
studies4,44 each used 200 mm pumping and pressures suf-
ficient to block venous return but not completely block
arteries (not explicitly stated); and 1 study19 individualized
each participant’s cuff pressure using the equation pres-
sure = 0.5 (systolic blood pressure) + 2 (thigh circumfer-
ence) + 5 based on previous literature.

All studies included exercise protocols performed under
blood flow restrictions (Table 2). Only 1 study44 specified

the intensity of the intervention; the remaining 5 studies
used a 1-RM percentage system for BFRT combined with
LLRT (20%-30% of 1-RM), and the control group received
resistance training alone (30%-70% of 1-RM). Five studies
measured changes in quadriceps strength: 4 of the stud-
ies4,19,42,43 measured peak isometric knee extensor torque
in the unilateral lower extremity using a Biodex System
3 dynamometer, and 1 study19 used a hand-held dynamom-
eter (Lafayette Instrument Co) to assess maximum isomet-
ric voluntary contraction of the quadriceps muscle. Three
studies looked at the effect of muscle strength in patients
with bilateral OA: 2 of the studies42,43 used an instru-
mented pneumatic leg press (Keiser A420; Keiser) to mea-
sure the strength of isometric leg presses supported by
each participant’s legs, and 1 study19 used isometric meas-
urements of the quadriceps muscle using the unilateral
limb with the higher level of self-reported pain. Only 1
study11 reported the effect of BFRT on hamstring muscle
strength. Although some exercises were not assessed as
part of the BFRT training program, 1 study4 also included
individual proprioceptive training with medial and lateral
hip extension exercises.

Risk-of-Bias Assessment

The methodological evaluation of the included studies (Fig-
ure 2) revealed that 4 studies4,11,19,42 had an evaluation
grade of A and the remaining 2 studies43,44 had an evalua-
tion grade of B. None of the studies had an evaluation
grade of C. All of the included trials used randomized
sequence generation in their study design. Four mentioned
allocation concealment, while the remaining 2 studies11,19

were at moderate risk for selection bias. None of the stud-
ies successfully masked participants or staff. Regarding

Figure 1. A PRISMA flow diagram of the literature search
and selection process. RCT, randomized controlled trials;
PRISMA, Preferred Reporting Items for Systematic Reviews
and Meta-Analyses.
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detection bias, 4 studies4,19,42,43 used blinding for outcome
assessment, and 2 studies11,44 did not specify. Only 1 tri-
al43 was considered to have a high risk of incomplete
bias, and all the articles had a low risk of selective report-
ing bias.4,11,19,42,43,44 In addition, only 1 study44 was
assessed to be at a high risk of other biases because partic-
ipants used stretching exercises in addition to BFRT and
resistance training; the other trials were unclear about
other biases.

Results of the Meta-analyses

Pain. All 6 included studies examined the effect of BFRT
on pain outcomes in patients with knee OA, with sample
sizes of 114 and 122 in the experimental and control
groups, respectively (Figure 3). There was low heterogene-
ity between studies (I2 = 12%; P = .34); thus, the effect sizes
were combined using a fixed-effects model, and the results
of the meta-analysis showed that BFRT did not improve
the pain of knee OA patients compared with the control
group (SMD, 20.02 [95% CI, 20.30 to 0.26]; P = .88).

Muscle Strength. Five studies4,11,19,42,43 reported 11
effect sizes to investigate the effects of BFRT on muscle
strength in patients with knee OA, with a sample size of
150 in the experimental group and 161 in the control group

(Figure 4). The results showed high interstudy heterogene-
ity (I2 = 86%; P \ .01). Therefore, the effect sizes were com-
bined using a random-effects model. The meta-analysis
revealed no significant difference in muscle strength
between patients with knee OA and controls in the BFRT
group (SMD, 0.32 [95% CI, 20.33 to 0.96]; P = .33).

To investigate the factors contributing to the high rate
of heterogeneity, researchers carried out subgroup analy-
ses on training load, intervention cycle, and measurement
mode (Table 3). Analysis of the training load was per-
formed by categorizing the subgroups and comparing the
relationship between BFRT and resistance training with
different loads. The results demonstrated that none of
the 3 factors served as sources of heterogeneity.

Functional Performance. The performance of physi-
cal function in patients with knee OA was examined in 4
studies,4,11,19,43 which covered a total of 8 effect sizes. A
sample size of 124 participants was included in the exper-
imental group, while 132 were included in the control
group (Figure 5). The results indicated high levels of inter-
study heterogeneity (I2 = 78%; P \ .01). Consequently, the
effect sizes were combined using a random-effects model.
The findings of the meta-analysis revealed no statistically
significant difference between the BFRT and control
groups in promoting functional performance in patients
with knee OA (SMD, 0.25 [95% CI, 20.29 to 0.80]; P = .36).

TABLE 1
Baseline Characteristics of the Included Studiesa

Lead Author
(Year)

Sample
Size; Sex Age, Years Basis of Diagnosis Intervention Frequency

Segal42 (2015) � EG: 19
� CG: 22
All men

� EG: 58.4 6 8.7
� CG: 56.1 6 7.7

Knee injury preventing
walking (2 d), knee
surgery, knee pain,
overweight or obese

� EG: BFRT+LLRT (30%
of 1-RM)
� CG: LLRT (30% of 1-RM)

3 d/wk for 4 wk

Segal43 (2015) � EG: 19
� CG: 21
All women

� EG: 56.1 6 5.9
� CG: 54.6 6 6.9

BMI �25 kg/m2,
radiographic knee OA,
knee joint injury or
surgery, knee
symptoms

� EG: BFRT+LLRT (30%
of 1-RM)
� CG: LLRT (30% of 1RM)

3 d/wk for 4 wk

Bryk4 (2016) � EG: 17
� CG: 17
All women

� EG: 62.3 6 7
� CG: 60.4 6 6.7

Fulfilled combined
clinical and
radiographic symptoms
of knee OA

� EG: BFRT+LLRT (30%
of 1-RM)
� CG: HLRT (70% of 1-RM)

3 d/wk for 6 wk

Ferraz11 (2018) � EG: 16
� CG: 16
� CG2: 16
All women

� EG: 60.3 6 3.0
� CG: 59.9 6 4
� CG2: 60.7 6 4

Diagnosed with K-L
radiographic knee OA

� EG: BFRT+LLRT (30%
of 1-RM)
� CG: HLRT (80% of 1-RM)
� CG2: LLRT(30% of 1-RM)

2 d/wk for 12 wk

Harper19 (2019) � EG: 16
� CG: 19
women/men

� EG: 67.2 6 5.2
� CG: 69.1 6 7.1

Radiographic evidence of
osteophytes; Graded
Chronic Pain Scale; K-L
grade �2 knee OA

� EG: BFRT+LLRT (20%-30%
of 1-RM)
� CG: MIRT (60% of 1-RM)

3 d/wk for 12 wk

Shakeel44 (2021) � EG: 15
� CG: 15
women/men

� EG: 50-62 (n = 4),
63-75 (n = 11)
� CG: 50-62 (n = 3),

63-75 (n = 12)

Knee pain diagnosed with
knee OA, inability to
perform ADL

� EG: BFRT
� CG: No BFRT

4 d/wk for 4 wk

aADL, activities of daily living; BFRT, blood flow restriction training; CG, control group; CG2, control group 2; EG, experimental group;
HLRT, high-load resistance training; K-L, Kellgren-Lawrence; LLRT, low-load resistance training; MIRT, moderate-intensity resistance
training; OA, osteoarthritis.
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To explore the source of the heterogeneity, researchers
conducted subgroup analyses regarding training load and
intervention period, with results indicating that neither
factor was the source of the heterogeneity (Table 4).
Regarding training load, the HLRT group had a lower het-
erogeneity than the LLRT group (I2 = 7% vs 93%), although
there was no improvement in either group (P . .05).
Regarding the intervention cycle, a long-cycle (�8-week)
intervention had a lower heterogeneity than short-cycle

(\8-week) intervention (I2 = 31% vs 93%), with no
improvement in either group (P . .05).

Sensitivity analyses were used to individually remove
the included studies to further explore the sources of het-
erogeneity, assessing each study’s effect on the overall
effect size (Table 5). Heterogeneity was significantly lower
after removing Segal et al43 (I2 = 20%; P . .05). After ana-
lyzing the study again, it was found that for the interven-
tion approach, in addition to the same progressive increase

TABLE 2
Baseline Characteristics of the Included Studiesa

Study Cuff Size/Site/Pressure Occlusion

Exercise During

Occlusion (BFRT) Adverse Effects Outcomes

Segal et al42

(2015)

65 3 650 mm/proximal

thigh and hip joint/

160-200 mm Hg

Inflated for 6.5 min

(5 min exercise,

1.5 min rest)

30% of 1-RM in both

groups: leg press, knee

extension, reverse

press, 1 set 30 reps

One patient withdrew

(intolerance of

discomfort from

pressure cuff)

� Pain: KOOS-Pain

� Muscle strength:

isokinetic knee

extension strength,

isotonic leg press

strength

Segal et al43

(2015)

65 3 650 mm/proximal

thigh and hip joint/

160-200 mm Hg

Inflated for 6.5 min (5

min exercise, 1.5 min

rest)

Performed 4 sets of

bilateral leg presses at

30% of 1 RM

One patient withdrew

(intolerance of pain

from pneumatic cuff)

� Pain: KOOS-Pain

� Muscle strength:

isokinetic knee

extensor strength,

isotonic leg press

strength

� Muscle size:

quadriceps volume

Bryk et al4 (2016) Unknown/upper third of

thigh/200 mm Hg

Inflated to 200 mm Hg

during quadriceps

exercises

Knee extension machine,

3 sets of 30 reps

No patients withdrew � Pain: NPRS

� Muscle strength:

quadriceps strength

� Self-reported

function: Lequesne

index

� Functional

performance: TUG

Ferraz et al11

(2018)

175 3 920 mm/inguinal

fold/97.4 6 7.6 mm Hg

Continuous inflation

during training

(including intervals)

and release at the end

of the session

Bilateral leg press and

knee extension

exercises. At wk 0-2:

20% of 1-RM, 4 sets of

15 reps; at wk 2-5: 30%

of 1-RM, 4 sets of 15

reps; at wk 5-12: 30% of

1-RM, 5 sets of 15 reps

Four patients from the

HLRT group

discontinued through

the follow-up, exercise-

induced knee pain

� Pain: WOMAC-Pain

� Muscle strength: leg

press strength, knee

extension strength

� Self-reported

function: WOMAC

� Functional

performance: TS,

TUG

� Muscle size:

quadriceps CSA

Harper et al19

(2019)

Unknown/proximal thigh/

not specified

Breathing breaks

between different

exercise movements,

continuous wear

between the same sets

Leg press, leg extension,

leg curl, and calf flexion

Fourteen patients

reported adverse events

of knee pain, of whom 1

patient from the BFR

group deemed possibly

related to the study

� Pain: WOMAC-Pain

� Muscle strength:

knee extensor

strength

� Self-reported

function: LLFDI

� Functional

performance: gait

speed, SPPB

Shakeel et al44

(2021)

Unknown/femoral artery

of thigh muscle and

tibial artery of calf

muscle/enough to cause

a blocked venous return

Inflate during exercise,

deflate at group rest

(5 sec)

Received strengthening

exercises of quadriceps,

hamstrings, and calf

muscles; 3 sets of 10

reps for each exercise

No patients withdrew � Pain: VAS pain

� Self-reported

function: Kujala

� Muscle size: thigh

muscle dimension

aBFRT, blood flow restriction training; CSA, cross-sectional area; CG, control group; reps, repetitions; CG2, control group 2; EG, experimental group; KOOS,

Knee injury and Osteoarthritis Outcome Score; LLFDI, Late Life Function and Disability Instrument; NPRS, numerical pain rating scale; RM, repetition max-

imum; SPPB, Short Physical Performance Battery; TS, timed stand-up test; TUG, timed up-and-go test; VAS, visual analog scale; WOMAC, Western Ontario and

McMaster Universities Osteoarthritis Index.
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in cuff pressure on the training cycle as in other studies,
the same progressive increase in cuff pressure was also
used for the single training session, with the transition
from the initial cuff pressure (30-40 mm Hg) to the 1-min-
ute cuff pressure being applied (100-180 mm Hg) to ulti-
mately reach the amount of load set for the single
training session (160-200 mm Hg) for training.43

The effect of BFRT versus control on self-reported func-
tion in patients with knee OA was examined using 5 effect
sizes,4,11,19,44 with sample sizes of 76 and 79 in the experi-
mental and control groups, respectively (Figure 6). The
results indicated high between-study heterogeneity (I2 =
76%; P \ .01), necessitating the use of a random-effects
model to combine the effect sizes. The meta-analysis

Figure 2. Summary of the risk of bias according to Cochrane criteria16 (A) in each study and (B) as a percentage across all
included studies.

Figure 3. A meta-analysis forest plot of the effect of blood flow restriction training on pain in knee osteoarthritis patients. IV,
inverse variance; H, high-load resistance training; L, low-load resistance training.
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Figure 4. A forest plot of the effect of blood flow restriction training on muscle strength in patients with knee osteoarthritis. Ferraz
2018-a11 (H and L) refers to leg press strength, while Ferraz 2018-b11 (H and L) refers to knee extension strength. Segal 201542-
a refers to leg press strength, while Segal 201542 -b refers to knee extension strength; Segal 201543-a refers to the scaled leg
press 1RM, expressed in kg per kg body mass. IV, inverse variance; H, high-load resistance training; L, low-load resistance
training.

TABLE 3
Subgroup Analysis of the Effect of Blood Flow Restriction Training on Muscle Strength in Knee Osteoarthritis Patientsa

Subgroups No. of Studies Effect Sizeb P (Effect Size) Statistical Model I2, %

Load
LLRT 5 0.73 (20.29 to 1.75) .16 Random-effects 90
HLRT 4 20.18 (20.86 to 0.51) .62 Random-effects 72

Intervention cycle
\8 weeks 4 0.13 (20.53 to 0.79) .71 Random-effects 76
�8 weeks 5 0.49 (20.68 to 1.67) .41 Random-effects 91

Measurement mode
Leg extension 5 0.30 (20.59 to 1.18) .51 Random-effects 87
Leg press 4 0.35 (20.74 to 1.44) .53 Random-effects 90

aHLRT, high-load resistance training; LLRT, low-load resistance training; SMD, standardized mean difference.
bEffect size is presented as SMD (95% CI).

Figure 5. A forest plot of the effect of blood flow restriction training on functional performance in patients with knee osteoarthritis.
Ferraz 2018-a (H and L) refers to the timed-stands test, while Ferraz 2018 -b (H and L) refers to the timed up-and-go test; Harper
2019-a refers to a 400-m gait speed, while Harper 2019-b refers to the short physical performance battery. H, high-load resis-
tance training; IV, inverse variance; L, low-load resistance training.
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revealed that patients with knee OA in the BFRT group
did not experience a statistically significant improvement
in self-reported functioning compared with patients in
the control group (SMD, 20.252 [95% CI, 20.88 to 0.45];
P = .52).

Researchers typically perform subgroup analyses to
investigate sources of heterogeneity. These analyses were
conducted with regard to the training load and interven-
tion period (Table 6). Within the training load, the HLRT

subgroup showed minor heterogeneity (I2 = 0%), whereas
the LLRT subgroup exhibited the most extreme heteroge-
neity (I2 = 92%). Additionally, no improvement was
observed in either group (P . .05). In terms of the inter-
vention cycle, the long-cycle intervention displayed minor
heterogeneity (I2 = 0%), and the short-cycle intervention
displayed the most extreme heterogeneity (I2 = 92%).
Again, no improvement was observed in either group
(P . .05).

TABLE 4
Subgroup Analysis of the Effect of Blood Flow Restriction Training on Functional Performance

in Knee Osteoarthritis Patientsa

Subgroups No. of Studies Effect Sizeb P (Effect Size) Statistical Model I2, %

Load
LLRT 3 0.73 (20.29 to 1.75) .16 Random-effects 93
HLRT 5 20.18 (20.86 to 0.51) .62 Fixed-effects 7

Intervention cycle
\8 weeks 2 0.13 (20.53 to 0.79) .71 Random-effects 93
�8 weeks 6 0.49 (20.68 to 1.67) .41 Random-effects 31

aHLRT, high-load resistance training; LLRT, low-load resistance training; SMD, standardized mean difference.
bEffect size is presented as SMD (95% CI).

TABLE 5
Sensitivity Analysis of Blood Flow Restriction Training on Functional Performance in Patients With Knee Osteoarthritisa

Study or Study Subgroup (Year) Elimination Effect Sizeb P (Effect Size) I2, % P

Bryk et al4 (2016) 0.27 (20.37 to 0.91) .40 81% \.0001
Ferraz et al11 (2018)

HLRT-a (TS) 0.18 (20.43 to 0.78) .56 80 \.0001
HLRT-b (TUG) 0.31 (20.32 to 0.93) .34 81 \.0001
LLRT-a (TS) 0.33 (20.27 to 0.94) .28 80 \.0001
LLRT-b (TUG) 0.35 (20.24 to 0.95) .24 78 \.0001

Harper et al19 (2019)
A (gait speed) 0.26 (20.36 to 0.89) .41 81 \.0001
B (SPPB) 0.32 (20.29 to 0.93) .30 80 \.0001

Segal et al43 (2015) 0.01 (20.29 to 0.30) .99 20 .28

aHLRT, high-load resistance training; LLRT, low-load resistance training; SMD, standardized mean difference; SPPB, short physical per-
formance battery; TST, timed-stands test; TUG, timed up-and-go test.

bEffect size is presented as SMD (95% CI).

Figure 6. A forest plot of the effect of blood flow restriction training on self-reported function in patients with knee osteoarthritis;
IV, inverse variance; H, high-load resistance training; L, low-load resistance training.
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Muscle Size. Three studies11,43,44 examined the effect
of BFRT on muscle size in patients with knee OA, with a -
sample size of 66 in the experimental group and 68 in the
control group (Figure 7). The results showed high hetero-
geneity between studies (I2 = 75%; P \ .01). Therefore,
the effect sizes were combined using a random-effects
model. The results of the meta-analysis showed no signifi-
cant difference between the BFRT groups in terms of
improving muscle size in patients with knee OA (SMD,
0.66 [95% CI, 20.06 to 1.37]; P = .07).

Results of Subgroup Analyses

Subgroup analyses were performed to investigate the
source of heterogeneity, focusing on the intervention cycle

and training load (Table 7). Subgroup analyses revealed
that heterogeneity was minimal in the long-cycle interven-
tion group (I2 = 0%), while it was the most extensive in the
short-cycle intervention group (I2 = 68%). In addition, the
short-cycle intervention increased muscle size in patients
with knee OA (SMD, 1.19; P = .01). When examining
low-load heterogeneity, training loads (I2 = 72%) exhibited
the most significant variation. Furthermore, BFRT was
found to have an advantage over LLRT in terms of enhanc-
ing muscle size in patients with knee OA (SMD, 0.88; P =
.03), although this could not be evaluated owing to the
lack of documented high-load interventions in the control
group.

Adverse Events. Four studies11,19,42,43 reported that
knee OA patients withdrew from treatment because of

TABLE 6
Subgroup Analysis of the Effect of Blood Flow Restriction Training on Self-reported Functioning

in Patients With Knee Osteoarthritisa

Subgroups No. of Studies Effect Sizeb P (Effect Size) Statistical Model I2, %

Load
LLRT 3 20.78 (22.72 to 1.17) .43 Random effects 92
HLRT 2 0.12 (20.29 to 0.52) .58 Fixed effects 0

Intervention cycle
\8 weeks 2 20.79 (22.70 to 1.11) .41 Random effects 92
�8 weeks 3 0.13 (20.28 to 0.54) .54 Fixed effects 0

aHLRT, high-load resistance training; LLRT, low-load resistance training; SMD, standardized mean difference.
bEffect size is presented as SMD (95% CI).

Figure 7. A forest plot of the effect of blood flow restriction training on muscle size in patients with knee osteoarthritis. IV, inverse
variance; H, high-load resistance training; L, low-load resistance training.

TABLE 7
Subgroup Analysis of the Effect of Blood Flow Restriction Training on Muscle Size in Patients With Knee Osteoarthritisa

Subgroups No. of Studies Effect Sizeb P (Effect Size) Statistical Model I2, %

Load
LLRT 2 1.19 (0.26-2.11) .01 Random-effects 68
HLRT 2 0.14 (20.35 to 0.63) .58 Fixed-effects 0

Intervention cycle
\8 weeks 3 0.88 (0.46-1.92) .03 Random-effects 72
�8 weeks 1 0.02 (20.71 to 0.68) — — —

aDashes indicate areas not applicable (independent samples cannot be analyzed in subgroups. HLRT, high-load resistance training; LLRT,
low-load resistance training; SMD, standardized mean difference.

bEffect size is presented as SMD (95% CI).
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adverse events, with sample sizes of 86 and 94 in the
experimental and control groups, respectively (Figure 8).
Adverse events primarily included severe pain caused by
high-intensity exercise (n = 4), knee pain induced by
moderate-intensity exercise (n = 11), intolerance to the
interventional compression cuff in BFRT (n = 2), and
knee pain induced by exercise (n = 3). The RCTs were ana-
lyzed using the RR effect index, and the results showed
a low degree of interstudy heterogeneity (I2 = 32%; P =
.22); therefore, the meta-analysis was performed using
a fixed-effects model. The results showed that the
difference between the BFRT and control groups was sta-
tistically significant in terms of overall adverse events
(RR, 0.45 [95% CI, 0.20-1.01]; P = .05, with 95% CI above
zero).

A subgroup analysis of adverse event outcome indica-
tors was performed (Table 8). The results showed that in
the HLRT subgroup, HLRT was associated with a greater
risk of adverse events than was BFRT (RR, 0.26; P =
.009), and the risk of adverse events was greater in the
short-cycle intervention group (RR, 0.26; P = .009) than
in the long-cycle intervention group (RR, 3.37; P = .28).

GRADE Quality of Evidence Evaluation

Although the included studies were RCTs, there were mul-
tiple downgrading factors in terms of the 5 GRADE
categories—risk of bias, inconsistency, indirectness,

imprecision, and publication bias. The quality of the evi-
dence was downgraded because of specific design method-
ologies, incomplete characteristics, and mismatches, with
the results of the determination as follows: (1) the pain out-
come indicator was intermediate; (2) the outcome metrics
for muscle strength, functional performance, muscle size,
and adverse events were low grade; and (3) the self-reports
of functioning were very low grade. The strength of the rec-
ommendations for each of the above outcomes was weak
(Table 9).

DISCUSSION

The main findings of the present systematic review and
meta-analysis were as follows: low-level deterministic evi-
dence showed that patients with knee OA did not develop
specific adverse events when performing BFRT, that
BFRT was safer than HLRT (RR, 0.26; P = .009), that it
improved patients’ muscle size better than LLRT (SMD,
1.19; P = .01), and it showed benefits in building muscle
size in interventions of \8 weeks (SMD, 0.88; P = .03).
However, compared with traditional resistance training,
evidence of low to intermediate certainty showed no advan-
tage of BFRT in pain, functional performance, or self-
reported function, consistent with previous studies.15 In
addition, inconsistencies were demonstrated in the effects
of BFRT on muscle strength in the control intervention
subgroup. Although a different methodology with

Figure 8. A forest plot of the effect of blood flow restriction training on adverse events in patients with knee osteoarthritis. H,
high-load resistance training; L, low-load resistance training.

TABLE 8
Subgroup Analysis of the Effect of Blood Flow Restriction Training on the Occurrence of Adverse

Events in Patients With Knee Osteoarthritisa

Subgroups No. of Studies Effect Sizeb P (Effect Size) Statistical Model I2, %

Load
LLRT 3 3.37 (0.37-31.15) .28 Fixed-effects 0
HLRT 2 0.26 (0.09-0.72) .009 Fixed-effects 0

Intervention cycle
\8 weeks 2 3.37 (0.37-31.15) .28 Fixed-effects 0
�8 weeks 3 0.26 (0.09-0.72) .009 Fixed-effects 0

aHLRT, high-load resistance training; LLRT, low-load resistance training; SMD, standardized mean difference.
bEffect size is presented as SMD (95% CI).
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measurement criteria was used in this study and this find-
ing is limited by low-certainty evidence due to imprecision,
the results are consistent with other studies that have
shown no difference in the effects of BFRT and traditional
resistance training on the improvement of muscle strength
in patients with knee OA.54

Pain is a common concern in patients with knee OA, and
our results showed no improvement in pain relief in
patients with knee OA treated with BFRT, which is consis-
tent with previous reviews on the effectiveness of BFRT in
treating musculoskeletal disorders.26 Although research-
ers usually focus more on improvements in pain in patients
with knee OA, functional improvements play an equally
important role in treatment.24 The results of this study
showed no advantage of BFRT over traditional resistance
training either in terms of functional performance or self-
reported function; this may be due to the nonsignificant
potential differences between serum biomarkers while per-
forming different forms of intervention. For example,
TWEAK (serum tumor necrosis-like weak inducer of apo-
ptosis) is associated with skeletal muscle hypertrophy
and increased strength,34 IGF-1 (insulin-like growth fac-
tor-1) is associated with increased protein synthesis and
muscle mass,18 and serum P3NP (a peptide of procollagen
type 3) is associated with skeletal muscle growth, muscle
repair, and fibrosis.3 Harper et al19 performed BFRT ver-
sus MIRT in patients with knee OA and found no signifi-
cant differences between the 2 in serum TWEAK, IGF-1,
or serum P3NP. Furthermore, due to the limited number
of studies, we could not investigate the effect of BFRT on
quality of life. Therefore, future clinical studies on BFRT
may focus on patients’ quality of life.

Improving muscle size and strength, which can relieve
pain, reduce stiffness, improve functional performance,

and increase the shock absorption capacity of the lower
extremity muscles during walking, is considered the most
crucial benefit of rehabilitation training for patients with
knee OA.57 Subgroup analysis of different training intensi-
ties for muscle size showed that BFRT demonstrated the
advantage of being able to enhance muscle size in patients
with knee OA compared with LLRT, which may be attrib-
uted to the ability of BFRT to put the limbs into a state of
ischemia and hypoxia through the reduction of arterial
blood flow and the aggregation of venous blood flow, caus-
ing a significant increase in metabolic stress through low-
load training. This would result in the massive replenish-
ment of fast-twitch muscle fibers and a significant increase
in IGF-1, which ultimately leads to an improvement in
muscle cross-sectional area.49,52 Furthermore, the imple-
mentation of BFRT and HLRT interventions administered
twice a week for 12 weeks in patients with knee OA19 dem-
onstrated similar outcomes in terms of enhancing muscle
size. This may be attributed to the fact that both forms of
exercise trigger perturbations in the myofibrils and the
associated extracellular matrix, increasing the size and
number of parallel muscle segments, as well as an increase
in the diameter of individual fibers. As a result, the cross-
sectional area of the muscle is increased, which ultimately
leads to a greater muscle size.40 This result is consistent
with a previous review of BFRT performed in older adults
to observe muscle strength and size.5

We further conducted a subgroup analysis of the muscle
strength outcome metrics to explore the effects of different
training intensities, intervention cycles, and measurement
modalities on muscle strength in patients with knee OA.
We found that heterogeneity was reduced by 14% in the
HLRT subgroup and by 10% in the short-cycle subgroup,
suggesting that the training intensity and intervention

TABLE 9
Quality of Evidence for Outcome Indicators Using GRADE17 Criteriaa

Outcome Indicator

Variable
Pain

(7 Studies)

Muscle
Strength

(9 Studies)

Functional
Performance
(8 Studies)

Self-Reported
Function

(5 Studies)
Muscle Size
(4 Studies)

Adverse
Effects

(5 Studies)

GRADE categoryb

Risk of bias # 1 levelI # 1 levelI # 1 levelI # 1 levelI # 1 levelI # 1 levelI

Inconsistency No downgrade # 1 levelII # 1 levelII # 1 levelII # 1 levelII No downgrade
Indirectness No downgrade No downgrade No downgrade No downgrade No downgrade No downgrade
Imprecision No downgrade No downgrade No downgrade No downgrade No downgrade # 1 levelIII

Publication bias No downgrade No downgrade No downgrade # 1 levelIV No downgrade No downgrade
Sample size

Experimental group 114 150 124 76 66 5
Control group 122 161 132 79 68 15

Effect sizec 20.02
(20.30 to 0.26)

0.32
(20.33 to 0.96)

0.25
(20.29 to 0.80)

20.252
(20.88 to 0.45)

0.66
(20.06 to 1.37)

0.45
(0.20-1.01)

Quality of evidence Moderate Low Low Very low Low Low

aGRADE, Grading of Recommendations, Assessment, Development, and Evaluations; RR, risk ratio; SMD, standardized mean difference.
bReasons for downgrade: ISome randomized controlled trials with random methods, assignment concealment, and blinding methods have

defects; IIlarge heterogeneity; IIIinsufficient sample size; IVfewer negative results.
cEffect sizes are presented as SMD (95% CI) except for adverse event outcomes, which are presented as RR (95% CI).
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cycle may be potential sources of heterogeneity. Moreover,
conflicting results were also demonstrated in the analysis
of the intervention cycle subgroups, as a comprehensive
study that simultaneously treated patients with knee OA
with BFRT, LLRT, and HLRT for 12 weeks revealed that
HLRT and BFRT produced similar improvements in
strength and that both training methods outperformed tra-
ditional LLRT.11 In contrast, another study that included
an intervention cycle of 4 weeks showed no additional
advantage of BFRT over LLRT.42 Therefore, this may be
related to the intervention cycle; that is, there was no dif-
ference between BFRT and HLRT regarding muscle
strength enhancement in patients with knee OA. In con-
trast, the advantage of BFRT over LLRT in enhancing
muscle strength in knee OA patients is gradually mani-
fested by prolonging the intervention cycle.

Knee OA is a leading cause of disability in the elderly
and is often associated with metabolic syndromes. With
the overall population aging, the incidence of knee OA is
expected to rise significantly.31 Therefore, safety is a criti-
cal concern in exercise rehabilitation. Previous reviews28,33

indicate that BFRT may be a safe exercise intervention for
patients with knee orthopaedic disorders, showing a lower
risk of adverse events in treating musculoskeletal disor-
ders and knee OA compared with traditional resistance
training. However, since the authors did not perform
a meta-analysis, the presented results require a more com-
prehensive analysis. In contrast, in our meta-analysis,
adverse events in patients with knee OA were mainly
due to cuff discomfort while performing BFRT and knee
pain while performing regular resistance training. Our
results showed a lower risk of adverse events with BFRT
than with HLRT. Although a recent systematic review
found no evidence suggesting that patients with musculo-
skeletal pain disorders achieve better outcomes from
pain-free exercise compared with long-term painful exer-
cise,27 some studies suggest that experiencing pain during
rehabilitation does not always indicate physical harm,
according to a review by Smith et al.48 We do not believe
that this type of rehabilitation with pain experience is
irrelevant to the patient, as we want to ensure that the
patient is comfortable when performing the rehabilitation
and maximizes the patient’s compliance during the exer-
cise. BFRT may serve as an alternative to reduce adverse
events during exercise for patients with knee OA who are
unable to complete traditional exercise programs due to
pain, aligning with previous research by Kristensen and
Franklyn-Miller.25 However, a 20-year-old man was
reported to have experienced rhabdomyolysis after 3 sets
of knee extension and flexion exercises with BFRT, and
studies have shown that BFRT induces a more intense car-
diorespiratory response during exercise.6,8 Although some
of these studies were based on single-subject pathology,
the side effects of BFRT should not be marginalized. There-
fore, practitioners should closely monitor the patient’s
physical status (eg, oxygen saturation, heart rate, rate of
perceived movement, and pain scores) during exercise to
minimize adverse events.

Limitations

This study has several limitations. Only 6 publications had
combined effect sizes and a relatively small sample size,
and none of the studies were able to use a double-masked
research methodology with participants and staff, which
may be due to the challenges faced when inflatable pres-
surized blood pressure cuffs are used covertly during
BFRT. The quality of evidence was rated low when analyz-
ing the effects of BFRT on muscle strength and functional
performance in patients with knee OA. All trials had an
intervention period of �12 weeks and therefore did not
assess the impact of BFRT on patients with intermediate
(6-12 months) to long-term (�12 months) knee OA. In addi-
tion, only studies in English were included in this review,
which may have resulted in more potential studies not
being included. Hopefully, more studies will investigate
the effects of BFRT on patients with knee OA in the mid-
and long-term and the occurrence of adverse events during
exercise. Future studies should pay close attention to BFR
combined with LLRT since 5 of the 6 selected papers inves-
tigated BFR combined with LLRT and the optimal inter-
vention protocol for BFRT has not yet been determined,
especially the different cuff widths and pressures used
when performing BFRT, and more outcomes—such as
quality of life, patient adherence, and adjuvant
efficiency—should be reported in BFRT studies.

CONCLUSION

Our review and meta-analysis demonstrated that com-
pared with resistance training, BFRT did not significantly
improve symptom outcomes in patients with knee OA.
However, it may be a viable alternative for individuals
who are unable to complete their prescribed training pro-
gram within the expected time frame because of pain
severity. It is important to acknowledge that the findings
of this study were limited by the small number of studies
and the sample size. Further high-quality research is
needed to better understand the use of BFRT in patients
with knee OA.
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