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Blood flow restriction added to usual care 
exercise in patients with early weight bearing 
restrictions after cartilage or meniscus repair 
in the knee joint: a feasibility study
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Abstract 

Purpose:  Blood flow restriction – low load strength training (BFR-LLST) is theoretically superior to traditional heavy 
strength training when rehabilitating patients who cannot heavily load tissues following surgery. The main purpose 
of this study was to examine the feasibility of BFR-LLST added to usual care exercise early after cartilage or meniscus 
repair in the knee joint.

Methods:  We included 42 patients with cartilage (n = 21) or meniscus repair (n = 21) of the knee joint. They attended 
9 weeks of BFR-LLST added to a usual care exercise program at an outpatient rehabilitation center. Outcome meas-
ures were assessed at different time points from four (baseline) to 26 weeks postoperatively and included adherence, 
harms, knee joint and thigh pain, perceived exertion, thigh circumference (muscle size proxy), isometric knee-exten-
sion strength, self-reported disability and quality of life.

Results:  On average, patients with cartilage or meniscus repair completed > 84% of the total BFR-LLST supervised 
sessions. Thirty-eight patients reported 146 adverse events of which none were considered serious. No decrease in 
thigh circumference or exacerbation of knee joint or quadriceps muscle pain of the operated leg was found in either 
group during the intervention period.

Conclusions:  BFR-LLST added to usual care exercise initiated early after cartilage or meniscus repair seems feasible 
and may prevent disuse thigh muscle atrophy during a period of weight bearing restrictions. Harms were reported, 
but no serious adverse events were found. Our findings are promising but need replication using a RCT-design.

Trial registration:  NCT03​371901, preprint (open access): https://​www.​medrx​iv.​org/​conte​nt/​10.​1101/​2022.​03.​31.​
22272​398v1
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Background
Cartilage or meniscus repairs in the knee joint are com-
mon orthopedic procedures, in which patients early 
after surgery are restricted from full weight bearing in 
the full range of motion and high impact activities of 
the knee joint. The consequence of reduced weightbear-
ing and arthrogenic inhibition of the quadriceps muscle 
following knee surgery is a pronounced and persistent 
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decrease of knee-extension strength in the operated 
leg [25, 41, 66, 76, 82]. The loss of muscle strength may 
delay return to normal daily activities (e.g., stair climb-
ing), work/sports activities and negatively affect quality 
of life. An exercise modality to increase muscle strength 
is moderate blood flow restriction during low-load 
strength training (BFR-LLST) - also called occlusion 
training [48, 73]. BFR-LLST involves application of a 
wrapping device such as an inflated tourniquet/cuff or 
an elastic band [48] to partially restrict the arterial inflow 
and venous outflow to muscle(s) during exercise. The 
amount of blood flow to the muscles distal to the cuff 
is preferably controlled with an individualized pressure 
[62] determined using for example, Doppler ultrasound 
[40], a hand-held oximeter [9, 85] or a set applied pres-
sure [15]. BFR-LLST (20–40% of 1-Repetition Maximum 
(RM)) requires much less external loading than tradi-
tional strength training (70–80% of 1RM). BFR-LLST 
produces positive training adaptations, such as muscle 
hypertrophy and increased strength in the lower extrem-
ity in healthy subjects, and patients with knee pathology 
[27, 47, 73, 79]. The underlying mechanisms are not fully 
understood, but may stem from a complex interplay of 
reduction in oxygen delivery to the muscle (hypoxia), 
accumulation of metabolites, muscle fiber recruitment 
and proliferation of myogenic stem cells [56, 63, 69]. Few 
studies have shown increased muscle strength and self-
reported physical function and quality of life in patients 
who followed a rehabilitation program with BFR-LLST 
added after knee surgery [24, 29, 59, 78, 79].

To our knowledge, early BFR-LLST added to usual care 
exercise has never been investigated in patients recover-
ing from cartilage or meniscus repair in the knee joint, 
although some recommend BFR-LLST clinically to 
encourage the return of quadriceps function and facili-
tate an earlier return to sport [70]. In clinical practice, 
acute knee joint and quadriceps muscle pain, perceptual 
responses, and fear of adverse events are potentially lim-
iting factors for the application and effect of BFR-LLST 
[12, 28, 54, 74].

The main aim of this study was to investigate the feasi-
bility of BFR-LLST added to usual care exercise on adher-
ence, adverse events, knee-related symptoms and muscle 
mass early after cartilage or meniscus repair. Addition-
ally, clinical outcomes were assessed to describe changes 
over time when patients with cartilage or meniscus repair 
followed a program of BFR-LLST added to usual care 
exercise.

Material and methods
This exploratory prospective study used consecutive 
sampling to assess the feasibility of 9 weeks of BFR-LLST 
added to a usual care exercise program at a rehabilitation 

center, Section for Orthopedic and Sports Rehabilita-
tion (SOS-R), Nørrebro, City of Copenhagen. To enhance 
early recovery, the BFR-LLST knee-extension exer-
cise was added to the usual care exercise program [11]. 
Patients performed BFR-LLST knee-extension without 
external load for the first 6 weeks and subsequently for 6 
weeks with external load. When loaded BFR-LLST knee 
extensions were introduced at 6 weeks, they replaced the 
usual care knee-extensions that were part of the usual 
care exercise program. The study was designed as an 
exploratory feasibility study with a flat outcome struc-
ture-having multiple equally-valued outcome measures. 
Patients were assessed three times individually from 
week four to week six postoperatively. From week seven 
to week 12 postoperatively, patients were assessed 12 
times during bi-weekly group-based training sessions. 
They were further assessed 16 and 26 weeks postopera-
tively (See Fig. 1).

The reporting follows the CONSORT extension for 
randomized pilot and feasibility trials guidelines [7, 17], 
as well as the Consensus on Exercise Reporting Template 
(CERT) [72] (Supporting information (S) 1, S2).

Forty-two patients (cartilage (n = 21) or meniscus 
(n = 21) repair) were recruited postoperatively from a 
referral list at the SOS-R between December 13, 2017 
and November 20, 2018. All patients were operated at 
two hospitals in the Copenhagen Area (Amager-Hvi-
dovre and Bispebjerg-Frederiksberg). The inclusion crite-
ria were patients between 18 and 70 years of age with a 
cartilage or meniscus repair in one or both knee(s); and 
who were denied full weight bearing in the entire range of 
motion of the operated knee joint (See S3). The exclusion 
criteria were patients being unable to speak or under-
stand Danish or English; orthopedic disorder(s) that 
required a special rehabilitation program; having a neu-
rological, vascular or cardiac condition; being pregnant; 
having cancer (current diagnosis); having an active infec-
tion; or having a history of a) diagnosed major psychiat-
ric disorder, b) illicit drug use, c) alcohol or medication 
abuse, d) endothelial dysfunction, peripheral vascular 
disease, hypertension, diabetes, or e) heart disease and 
deep vein thrombosis.

Most exclusion criteria (e.g., neurological disease, 
endothelial dysfunction, peripheral vascular disease, 
hypertension, diabetes, heart disease and deep vein 
thrombosis) correspond to the contraindications to BFR-
LLST and are derived from a combination of different 
risk assessment tools to avoid patients experiencing seri-
ous events [29, 35, 62].

Procedures
All patients performed four different types of exercise 
during their scheduled 9 weeks of rehabilitation at SOS-R 
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(Fig.  1): 1) BFR-LLST supervised, which consisted of 
three individual and 12 group-based supervised sessions, 
2) BFR-LLST home consisted of 30 home-based ses-
sions, 3) usual care (non-BFR) supervised exercise with 
three individual and 12 group-based supervised sessions; 
and 4) usual care (non-BFR) exercise at home consisting 
of 24 home-based sessions. After the scheduled 9 weeks 
of rehabilitation, the physical therapists responsible 
for supervised usual care exercise decided whether the 
patients should continue their rehabilitation.

At each supervised session of BFR-LLST added to usual 
care exercise (15 sessions in total from week four to week 
12 postoperatively), the following acute outcome meas-
ures were assessed: adherence, adverse events related to 
the BFR-LLST, external load during BFR-LLST, knee joint 
and quadriceps muscle pain before (at rest), during (four 
sets each) and after (at rest) the BFR-LLST, perceived 
exertion during BFR-LLST (four sets each), and thigh 
muscle size indicated by circumference for the operated 
and healthy leg. Additionally, the maximal knee joint and 
quadriceps muscle pain during the supervised usual care 
exercise session was assessed by patients immediately 
after the session. Additional clinical outcome measures, 
such as active and passive knee joint range of motion, 
knee joint effusion, self-reported function and knee-
related quality of life, and self-reported functional ability 
to complete specific activities were recorded at baseline 
(first individually assessed), and at 16 and 26 weeks post-
operatively. At 26 weeks postoperatively, isometric knee 
extension and flexion muscle strength were assessed. 
Outcome assessors were experienced physical therapists 
who were not blinded to the treatment provided. Most of 

the additional assessments were conducted by the princi-
pal investigator (TLJ).

As this study was pragmatic, we were unable to fully 
control whether the patients received exactly 9 weeks of 
BFR-LLST added to usual care exercise as listed in the 
trial registry. An average of 11 weeks is probably more 
likely because 1) patients were referred and allowed to 
perform BFR-LLST earlier than expected, and 2) there 
was often a time delay from last individual BFR-LLST 
supervised (6 weeks postoperatively) to the first group-
based BFR-LLST supervised session (approximately 7 
weeks postoperatively) session.

Some between-hospital variation in the content of the 
rehabilitation regimes existed, but generally the added 
BFR-LLST knee-extension exercise overheld the fol-
lowing restrictions for patients with cartilage or menis-
cus repair. BFR-LLST knee-extensions from 90° of knee 
flexion to full knee extension with no external load were 
allowed one and 2 weeks postoperatively. At 6 weeks, 
BFR-LLST knee-extensions from 90° of knee flexion to 
full knee extension were allowed with external load. Full 
weight bearing was tolerated from 0 to 90 degrees knee 
joint flexion from week seven postoperatively (Detailed 
Rehabilitation regimes, see S3).

Exercise intervention
Blood flow restriction – low‑load strength training (BFR‑LLST)
The BFR-LLST protocol was the same for patients with 
cartilage or meniscus repair and is outlined in Table  1 
[38, 69, 80]. At baseline, the physical therapist deter-
mined the individual patient’s limb occlusion pressure 
(LOP), which is defined as the minimum occlusion pres-
sure required to stop the flow of arterial blood into the 

Fig. 1  Overview of study treatment, testing and assessment timeline. Uncontrolled; Treatment provided prior to study inclusion or after the 
intervention period. SOS-R; Section for Orthopedic and sports Rehabilitation. BFR-LLST; Blood flow restriction – low load strength training
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lower limb distal to a pneumatic cuff [58]. This proce-
dure was used to calculate the relative LOP (percentage 
of LOP) to enhance the treatment effect, while limiting 
perceived discomfort and risk of adverse events during 
BFR-LLST [53]. The LOP in the lower limb was identified 
by increasing the pressure in a 20-cm wide pneumatic 
cuff with a sphygmomanometer (Heine Gamma® G5, 
HEINE, Optotechnik GmbH & Co., Herrsching, Ger-
many) around the most proximal part of the thigh until 
the pulse stopped distal to the cuff, while the patients 
were sitting on an examination couch with their heel 
resting on a chair or the floor and their knee joint flexed 
between 45 and 90 degrees. Distal pulse stop was regis-
tered on a finger clip connected to a portable hand-held 
oximeter attached to the patients’ second toe. This device 
has proven to be valid and reliable in determining LOP 
in the lower extremity when compared with a high-res-
olution Doppler ultrasound scanner [9]. To account for 
variability associated with the determination of the LOP, 
the individual patient’s LOP was reduced by 20 mmHg. 
From this adjusted LOP, 80% LOP that was used in the 

intervention was calculated. When exercising at very low 
intensity (20% of 1RM), 80% LOP has been proposed to 
increase hypertrophy [45] and muscle activity [21] in the 
quadriceps muscle. After individualizing the pressure, 
the patients were meticulously instructed in how to per-
form unilateral BFR-LLST for the knee-extension exer-
cise with a cuff (same as used for LOP determination) at 
the SOS-R, and at home with an elastic band (Trithon 
Knee Wraps, Trithon Sport, Denmark) (S2, S4). Patients 
performed BFR-LLST without external loads for the first 
6 weeks postoperatively. Subsequently, BFR-LLST was 
performed using weight bands fixed around the ankle. At 
each BFR-LLST supervised session, the external load was 
increased by between 0.5 and 1.0 kg, if the patient could 
perform more than 15 repetitions in the fourth and final 
set. The patients were instructed to perform BFR-LLST 
at home in the same manner, with the elastic band tight-
ened around the proximal thigh and lifting similar exter-
nal loads, using weight bands provided by the SOS-R.

Table 1  The BFR-LLST protocol for the knee-extension exercise [11, 28, 29]

a Patients started the BFR-LLST without external load the first six weeks postoperatively due to weight-bearing restrictions and the number of repetitions were limited 
to 30 in the fourth and final set
b An anatomically perfect technique to allow efficient “delivery” of load to the muscle

Variables Knee-extension exercise

Load, repetition maximum 30 (~ 20–40% of 1RM)

Repetitions per set ≤ 6 weeks: 30, 15, 15, max. 30a

>  6 weeks: 30, 15, 15, 15

Sets per session 4

Rest between sets, seconds 30–45

Sessions per week 5

Duration of the experimental period, weeks Approximately 9 weeks; 3 weeks without and 6 weeks with external loads

Contraction modes, seconds 1 isometric, 2 eccentric, 2 concentric

Rest between repetitions, seconds 0

Time under tension, seconds ≤ 6 weeks: 450 (5 seconds x (30 + 15 + 15 + 30 reps))
>  6 weeks: 375 (5 seconds x (30 + 15 + 15 + 15 reps))

Contraction failure in each set No, only the last set out of 4a

Range of motion, degrees Max. 90

Rest between training sessions, hours 24 to 48 hours

Anatomical definition of the exercise (exercise form)b Yes

Mode per week ≤ 6 weeks: 3 times supervised in total, 4–5 times at home.
>  6 weeks: 2 times supervised, 3 times at home.

Cuff application As proximal as possible on the lower limb

Cuff type (materials) 20-cm width (Supervised with cuff; Home with elastic band).

Occlusion pressure Cuff: 80% limb occlusion pressure (LOP). Elastic band: Should be as tight as the cuff 
corresponding to 80% LOP.

BFR-LLST total training time (total time under tension), seconds ≤ 6 weeks: 585 (450)
>  6 weeks: 510 (375)

Duration of the entire BFR-LLST session Max. 10 minutes twice per week (supervised) and max. 10 minutes 3 times per week 
at home.
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Usual care exercise
At the first treatment (baseline) approximately 3 weeks 
postoperatively, patients were instructed in a usual care 
exercise program, which consisted of four strengthen-
ing and two range of motion exercises according to the 
rehabilitation regimes for cartilage or meniscus repair 
(S2, S5). Patients were instructed to perform these exer-
cises daily at home. Additionally, at baseline, the physi-
cal therapist instructed patients in correct gait patterns 
and how they should manage and control their knee joint 
pain and swelling. At 6 weeks postoperatively, the usual 
care exercise was replaced with a new criteria-based 
usual care exercise program that patients performed at 
home and at SOS-R (S2, S6). The 60-min new usual care 
exercise program consisted of a pre-warm-up (10 min), 
warming-up exercises (10 min), progressive strength 
training exercises targeting ankle plantar flexors, quadri-
ceps, hamstring, and hip abductor and adductor muscles 
and balance and flexibility exercises (30–35 min). The uni-
lateral knee-extension progressive strength training exer-
cise to increase quadriceps strength was replaced by the 
BFR-LLST knee-extension exercise to limit mechanical 
strain and protect the operated knee joint [70]. We rec-
ommended patients to perform BFR-LLST knee-exten-
sion (duration 10–15 min) after the usual care exercise 
program. The traditional progressive strength training 
exercises were performed to volitional muscular failure 
with the following descriptors: three sets of 12 repetitions 
using an intensity of 12 RM and time under tension of 4 s 
(2 s concentric and 2 s eccentric contraction) [80]. When 
the patients mastered the strength training exercise in a 
specific muscle group correctly with acceptable patient-
perceived knee symptoms/pain, the exercise was replaced 
with a more demanding weight-bearing strength training 
exercise within the same muscle group in the usual care 
exercise program. The patients were given the program in 
a printed and digital version (Exorlive, Oslo, Norway) sent 
via email (S6). We were unable to control the rehabilita-
tion that patients received at the hospital prior to study 
inclusion. Generally, this consisted of daily basic unloaded 
strengthening and range of motion exercises comparable 
with the program received at the first treatment (baseline) 
in this study.

Clinical application (adherence)
At each BFR-LLST added to the usual care exercise ses-
sion, the number of training sessions performed for 
BFR-LLST (supervised and home), usual care exercise 
(supervised and at home) and the BFR-LLST descrip-
tors (LOP applied, number of sets, repetitions and exter-
nal load lifted) were recorded. BFR-LLST descriptors 
at home were patient-reported via a training diary (S4). 

Furthermore, the specific exercises performed at each 
usual care exercise supervised session were noted.

Harms
At each visit, any adverse events potentially related to 
BFR-LLST at SOS-R or at home were reported by the 
patients to the physical therapist responsible for each 
BFR-LLST supervised session. Patients were interviewed 
based on a pre-defined and standardized questionnaire of 
potential adverse events related to BFR-LLST (dizziness, 
quadriceps muscle pain at rest, knee joint pain at rest, 
bruising, numbness in the lower leg, subcutaneous bleed-
ing (bruising), cardiovascular or respiratory complaints, 
deep venous thrombosis or other events) [54]. If a patient 
experienced clinical signs and symptoms of deep venous 
thrombosis at home [50], they were urged to contact a 
medical doctor or the physical therapist at SOS-R imme-
diately (S4). An adverse event was categorized as seri-
ous if it caused death, was life-threatening, resulted in 
persistent or significant disability/incapacity or required 
inpatient hospitalization according to the European 
Medicines Agency [18]. A serious adverse event would 
necessitate a permanent discontinuation of the BFR-
LLST intervention. Additionally, all adverse events or 
complications were documented regardless of their per-
ceived relation to the exercise intervention, operation or 
occurrences not related to the study. The number of pos-
sible adverse events were totaled.

Outcome measures
Acute outcome measures were recorded at each BFR-
LLST supervised session. Thigh muscle size was meas-
ured 15 cm proximal to the base of patella using a 
standard tape to register the circumference of the thigh 
[19, 32, 33, 79]. The value was recorded to the near-
est 0.1 cm. Moreover, knee joint and quadriceps muscle 
pain was assessed using a 0–100-mm visual analogue 
scale (VAS-mm) with end points of “no pain” and “worst 
pain imaginable” [8]. Maximal rating of perceived exer-
tion was measured by the patients’ recall immediately 
after each BFR-LLST set using the Borg scale ranging 
from 6 (no exertion at all) to 20 (maximal exertion) [6]. 
At the baseline, 16 and 26-week assessments, additional 
outcome measures were recorded. These were: knee 
joint range of motion measured with a large (30 cm long-
armed) universal goniometer [32], and knee joint effusion 
using a standard tape measure positioned 1 cm proximal 
to the base of patella [32]. Knee self-reported function 
and quality of life [67] was assessed using the Knee Injury 
and Osteoarthritis Outcome Score (KOOS; including 
subscales of symptoms, pain, activities of daily living, 
function in sport/recreation, and knee-related quality of 
life) with scores ranging from 0 to 100 [67]. To address 
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self-reported functional status, we used the patient-spe-
cific functional scale (PSFS), where the patients scored on 
a scale ranging from 0 to 10 their ability to perform self-
selected important activities they were unable to do or 
had difficulty with [77]. The average score of a maximum 
of five activities was calculated. Both of the self-reported 
questionnaires were scored on a worst to best scale. At 
26 weeks postoperatively, maximal isometric knee exten-
sion and flexion strength in 60 degrees of knee flexion 
were measured using a handheld dynamometer (Micro-
Fet 2, Hoogan Scientific, Salt Lake City, US) placed 
between the patients’ distal tibia and the resistance pad 
of a leg extension/leg curl strength training machine. 
The resistance pad was held in a fixed position by the 
load of the weight stacks of the training machine [23, 
51]. Patients had one practice trial followed by minimum 
three and maximum 10 knee-extensions with verbal 

encouragement. The test was ended if the isometric knee 
extension strength decreased in two consecutive trials or 
the maximum of 10 trials was reached [1]. The highest 
strength value was used as the data point. The same pro-
cedure was used to determine maximal isometric knee 
flexion strength.

Sample size
No formal sample size calculation was performed due to 
the descriptive character of the study and no efficacy test-
ing was performed [2]. Justifications for the sample size 
in feasibility studies vary greatly [4]. It has been recom-
mended to target a sample size between 15 [34] and 50 
[71] for pilot/feasibility studies. We targeted a sample size 
of 40 patients with a full outcome dataset and continued 
recruitment until this was achieved (Fig. 2). We aimed for 
an equal distribution of patients with cartilage (n = 20) or 

Fig. 2  Patient flow diagram
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meniscus (n = 20) repair. We considered a sample of 40 
patients large enough to determine the acceptability of 
the intervention, evaluate the study protocol (for a poten-
tial future large-scale trial) and provide enough data for 
future population-specific sample size estimations [36]. 
To allow for dropouts and attrition after the final patient 
in each group was included, we enrolled 51 patients in 
our study.

Statistical analysis
We used a linear mixed-effect model to analyze 1) within-
group changes for all outcome measures over time from 
baseline to the different time points (assessments during 
each BFR-LLST added to the usual care exercise super-
vised session, 16 and 26-week postoperatively) and 2) 
within-set changes from the first to fourth set (four sets 
each) recorded during each BFR-LLST supervised ses-
sion (15 sessions per patient) in all patients. A type 3 test 
for the linear mixed-effect model was used to evaluate 
the overall effect from the first to fourth set during the 
BFR-LLST supervised session. Changes in knee joint and 
quadriceps pain at rest from before to after each BFR-
LLST supervised session, and the difference in maximal 
knee joint pain during usual care exercise and the BFR-
LLST supervised sessions were examined using a Wil-
coxon signed-rank test. No multiple comparisons were 
performed for any individual timepoints. Assumption of 
normal distribution was evaluated using Q-Q plots, his-
tograms and Shapiro-Wilk tests. The goodness of model 
fit to the data was evaluated for normality of residuals and 
variance homogeneity by residual vs. predicted outcome 
plots. The percentage of completed training sessions per-
formed was calculated by dividing the performed num-
ber of training sessions by the total number of training 
sessions scheduled expressed as a percent. Missing values 
in the linear mixed effect models were ignored under the 
assumption of data being missing at random (MAR) and 
the likelihood estimation used in the models [43].

All data were entered in EpiData Entry, version 3.3 
(Epidata, Odense, Denmark). Analyses were performed 
using R version 4.1.2 (R Foundation for Statistical Com-
puting, Vienna, Austria), Microsoft Excel programs 
(Microsoft Office 365, 2019, Redmond, WA, US) and 
Graphpad Prism version 8.3.1 (GraphPad Software, San 
Diego, California, US). A P-value less than 0.05 was con-
sidered statistically significant.

Results
Ninety-four patients with cartilage or meniscus repair 
were assessed for eligibility from December 2017 to 
March 2019 (Fig.  2), which was the total number of 
potentially eligible patients during that time period. Of 
those 94 patients, 43 patients were excluded leaving 51 

patients eligible for inclusion. Four patients withdrew 
from the study for reasons unrelated to the BFR-LLST. 
Four patients did not show up for their treatment, and 
we were unable to get in contact with them by phone or 
email. Nothing in their data (complaints, adverse events, 
complications) indicated that the reason for dropping out 
was related to the BFR-LLST. One patient dropped out 
before the BFR-LLST started due to anxiety concerning 
adverse events. In total, 42 patients with cartilage (n = 21) 
or meniscus (n = 21) repair received the BFR-LLST inter-
vention, and characteristics of the patients at baseline, 16 
and 26-week assessments are presented in Table 2 and S7 
Table 1.

Clinical application (adherence) and training 
characteristics
Patients with cartilage or meniscus repair completed 
on average more than 80% of the BFR-LLST supervised, 
BFR-LLST at home, usual care exercise supervised and 
usual care exercise at home (S7 Table 2). On average, the 
BFR-LLST added to the usual care exercise intervention 
period lasted 11 (SD ± 1.2) weeks. The individualized 
limb occlusion pressure (LOP) applied varied from 104 
to 176 mmHg during the BFR-LLST supervised, and on 
average the patients performed the recommended 75 rep-
etitions per BFR-LLST supervised session approximately 
79% of the time (S7 Table  2). The median external load 
during the BFR-LLST knee-extension exercise increased 
from 0 kg at baseline to 2.5 kg at the end of the BFR-
LLST supervised intervention period (median = 0.28 kg/
week, range = 0.23–0.32 kg/week, p < 0.001) (S7 Table  2, 
S7 Table  3), but overall remained low during the inter-
vention (median = 1 kg, range = 0–7 kg) (S7 Table 2). The 
number and name of the exercises performed during the 
group-based usual care exercise supervised program at 
SOS-R are shown in S7 Table 4.

Outcome measures
Knee joint and quadriceps muscle pain
Using the classification by the International Associa-
tion for the Study of Pain (IASP), patients experienced 
none to mild [81] maximal knee joint pain during BFR-
LLST supervised (median VAS-mm = 0, IQR = 0–12), 
which was significantly lower to a clinically meaningful 
[16, 20] degree than the maximal knee joint pain expe-
rienced during usual care exercise supervised (median 
VAS-mm =23, IQR 0–40) (p < 0.001) (S7 Table 2). On the 
contrary, patients experienced moderate to severe maxi-
mal quadriceps muscle pain during BFR-LLST super-
vised (median VAS-mm = 47, IQR 12–70), which was 
significantly higher to a clinically meaningful degree [16] 
than the maximal quadriceps muscle pain during usual 
care exercise supervised (median VAS-mm = 0, IQR 0 
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to 6) (p < 0.001). The median value of the knee joint and 
quadriceps muscle pain at rest before and after BFR-
LLST supervised session were zero (all median VAS-
mm = 0) (S7 Table 2).

Changes during the BFR‑LLST intervention period
During the 11-week BFR-LLST intervention period, the 
thigh circumference of the operated leg, increased an 
average of 0.12 cm per week in the meniscus repair group 
(p < 0.001), and a similar pattern (although not statisti-
cally significant) was found in the cartilage repair group 
(0.05 cm per week, p = 0.099) (Fig.  3A, S7 Table  3). In 
comparison with the thigh circumference of the healthy 
leg, the difference between legs diminished over time in 
the cartilage (− 0.06 cm per week, p < 0.006) and menis-
cus groups (− 0.10 cm per week, p < 0.001) (S7 Table  3). 
Maximal quadriceps muscle pain did not change over 
time for any patients (p = 0.330), while maximal knee 
joint pain decreased over time in the meniscus repair 
group only (− 1.1 VAS-mm per week, p < 0.010) (Fig. 3B, 
S7 Table 3). Patients found the BFR-LLST to be slightly 
more demanding at the end compared to the beginning 
of the intervention period, as the rating of perceived 
exertion (Borg Scale) increased with approximately 0.1 

and 0.2 points per week for the cartilage repair group 
(p < 0.034) and meniscus repair group, respectively 
(p < 0.001) (Fig. 3C, S7 Table 3).

Changes within the BFR‑LLST supervised session (four sets 
each)
On average, patients experienced none to mild (4.8 to 5.9 
VAS-mm) knee joint pain and no difference between the 
first to the fourth set of BFR-LLST (p = 0.224) (Fig.  4A, 
S7 Table 6). On the contrary, increases were found from 
the first to the fourth set for quadriceps muscle pain 
(Fig.  4B, S7 Table  6) and rating of perceived exertion 
(Borg Scale) (Fig. 4C, S7 Table 6) from 11.1 to 40.7 VAS-
mm (p < 0.0001) and from10.8 to 18.5 points (p < 0.0001), 
respectively.

Clinical outcome measures
Changes in clinical outcome measures from baseline to 
16 and 26 weeks postoperatively in patients with car-
tilage or meniscus repair are presented in Table  3. Sig-
nificant improvements were seen from baseline to 16 or 
26 weeks postoperatively for thigh circumference (oper-
ated leg), KOOS subscales, PSFS and active/passive knee 
joint range of motion of extension/flexion. No significant 

Table 2  Baseline characteristics for the patients with cartilage or meniscus repair

SD Standard Deviation, IQR Interquartile Range, LM Lateral meniscus, MM Medial meniscus, FT Femur trochlea, MFC Medial femur condyle, LFC Lateral femur condyle, 
BFR Blood flow restriction, NSAID Non Steroidal Anti-Inflammatory Drug, AHH Amager-Hvidovre Hospital, BBH Bispebjerg Hospital
a n = 20
b Anterior cruciate ligament (ACL)-reconstruction (n = 6)
c Knee stiffness, muscle tightness, knee pain, quadriceps hematoma

Characteristics Cartilage (n = 21) Meniscus (n = 21)

Age, mean ± 1SD, years 32 ± 8 28 ± 6

Women/men, n (%) 5 (24)/16 (76) 8 (38)/13 (62)

Body mass index, mean ± 1SD, kg/m2 26.1 ± 3.6 24.9 ± 3.5

Smoker, n (%) 4 (19) 5 (24)

Repair type, (n) Patella (5)/FT (8)/MFC (6)/LFC (2) LM (5)/MM (15)/LM + MM (1)

Cartilage size damagea, median (IQR), cm2 2.30 (1.45 to 3.25)

Multiple-operationsb, n (%) 12 (57) 11 (52)

Right/left operated knee, n (%) 9 (43)/12 (57) 15 (71)/6 (29)

Same knee operated before, n (%) 10 (48) 7 (33)

Opposite knee operated before, n (%) 6 (29) 4 (19)

Postoperative complicationsc, n (%) 2 (10) 3 (14)

Supervised rehabilitation prior to baseline assessment, n (%) 5 (24) 3 (14)

Tried BFR before baseline assessment, n (%) 5 (24) 5 (24)

Accustomed to exercise, n (%) 18 (86) 18 (86)

Have used pain medication before baseline assessment, n (%) 5 (24) 2 (10)

Acetaminophen (Paracetamol), n (%) 5 (24) 2 (10)

NSAID, n (%) 4 (19) 2 (10)

Opioids and opioid-like drugs, n (%) 2 (10) 1 (5)

Hospital performing the operation, AHH/BBH, n (%) 8 (38)/13 (62) 5 (24)/16 (76)

Time from operation to baseline assessment, median (IQR), weeks 2.0 (1.9 to 5.0) 2.3 (2.0 to 2.6)
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increase in knee joint effusion in the operated leg was 
seen from baseline to 26 weeks. At 26 weeks postopera-
tively, an isometric knee-extension muscle strength defi-
cit of the operated compared to the healthy leg (Limb 
symmetry index (LSI) = 76–89%) existed. This isomet-
ric muscle strength deficit was small for knee-flexion 
(LSI = 94–96%).

Harms
Thirty-eight of the 41 patients reported a total of 146 
adverse events, but none were considered serious (S7 
Table 5). Dizziness (52 cases) was experienced by approx-
imately half of the patients (n = 19) - but no one fainted. 
All the adverse events were considered transient, mean-
ing the symptoms disappeared within a short time frame 
after the completion of the BFR-LLST session, and no 
patients dropped out because of BFR-LLST.

At the 26 weeks postoperative assessment, five out of 
21 (25%) and eight of 19 (42%) of patients with cartilage 
or meniscus repair, respectively, reported postopera-
tive complications (S7 Table 1). Knee joint pain was the 
most prevalent reported complication, which seemed to 
be related to the initiation of weight-bearing or impact 
activities.

Discussion
The main findings were that 9 weeks of BFR-LLST added 
to usual care exercise initiated early after cartilage or 
meniscus repair in the knee joint seemed feasible as 
patients adhered well to the BFR-LLST protocol without 
any related reports of serious adverse events or exacer-
bation of knee-related symptoms (e.g. pain). No disuse 
atrophy of the thigh muscles (muscle mass) was found, 
despite patients having restrictions on weight-bearing in 
the intervention period.

Fig. 3  Scores of each patient and mean scores for the patients with cartilage (black dots and line) or meniscus repair (gray dots and line) over time 
for thigh circumference (A), knee joint pain (B) and perceived exertion (C) during the BFR-LLST intervention. BFR-LLST; Blood flow restriction – low 
load strength training. VAS; Visual Analogue Scale
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Interpretation
Clinical application (adherence) and training 
characteristics
Patients were able to adhere to the high-volume (five 
times a week) high-intensity (80% LOP) BFR-LLST pro-
tocol, using both a pneumatic cuff during BFR-LLST 
supervised and a simple elastic band at home (BFR-LLST 
home). It should be noted that two patients had the rela-
tive LOP reduced either transiently or permanently due 
to discomfort. As a result, adjustment of the relative LOP 

must be considered in patients experiencing discomfort 
from a tight pneumatic cuff around the proximal thigh, 
even though little difference in discomfort during BFRT 
elbow flexion with relative LOPs ranging from 40% to 
90% has been reported in healthy individuals [46]. Only 
one of nine dropouts in the study was related to BFR-
LLST. The patient was anxious about potential harms of 
BFR-LLST and dropped out prior to the first BFR-LLST 
supervised session at baseline.

Fig. 4  Knee joint pain (A), quadriceps muscle pain (B) and perceived exertion (C) from the first to the fourth set within the BFR-LLST supervised 
session (15 sessions each) for all patients. Scatterplots with means including whiskers representing 95% confidence intervals
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Harms
According to the current literature, reporting of adverse 
events in a standardized and systematic way in rand-
omized controlled trials examining exercise therapy [57] 
or BFR exercise [27] is rare. The focus is typically effi-
cacy of new interventions, such as BFR exercise [31]. A 
systematic approach to registering adverse events seems 
imperative as serious and non-serious adverse events 
and concerns related to BFR exercise have been reported 
in surveys of practitioners or individuals [54, 61]. There-
fore, we conducted a prospectively registered study 
examining patients with weight-bearing restrictions that 
focused on, and registered, adverse events related to 
BFR-LLST at each supervised session. Like other stud-
ies [29, 79], we did not find any serious adverse events 
[18], although the study was very likely underpowered 
to detect rare serious adverse events. However, we noted 
a higher frequency of transient dizziness compared to 
other clinical trials [29, 54, 79] but similar to the expe-
rience of practitioners of BFR-LLST [61]. Half of the 
patients experienced dizziness while loosening the cuff 
after the BFR-LLST, which may be associated with hypo-
tension or a vaso-vagal response [61]. We registered 
very few events of bruising or subcutaneous hemor-
rhage compared to a large survey of healthy individu-
als performing BFR exercise [54]. Importantly, patients 
experienced more frequent itching of the lower leg, calf 
tightness and discoloration of the leg distal to the cuff. 
Even though no serious adverse events were registered, 
it should be stressed that risks (e.g., neurological com-
plications, thrombotic events) of using a pneumatic 
tourniquet–assisted system have been found in patients 
undergoing lower limb surgery [65, 86]. Therefore, prac-
titioners are strongly encouraged to follow risk assess-
ment tools [29, 35, 62], manage careful patient selection, 
and possess a high level of proficiency in applying BFR-
LLST, to preclude patients experiencing any serious 
adverse events related to BFR-LLST after knee surgery. 
Finally, at the 26-week assessment, the patient-reported 
postoperative complications were surprisingly high in 
patients with meniscus repair, which is frequent and not 
related to the rehabilitation protocols [55].

Outcome measures

Knee joint pain, quadriceps muscle pain and perceived 
exertion  Clinicians and orthopedic surgeons have con-
cerns about knee joint pain and intra-articular damage 
during postoperative rehabilitation [70]. The maximal of 
knee joint pain experienced during the BFR-LLST was 
close to none, and lower than during usual care exercise, 
which supports BFR-LLST for patients with cartilage or 
meniscus repair that require prolonged weight-bearing 

restrictions [39, 70]. The reason for the lower pain levels 
could be the lower external load on the knee joint dur-
ing BFR-LLST knee-extension and/or the BFR-LLST-
induced hypalgesic effect [37]. The maximal quadriceps 
muscle pain experienced during BFR-LLST was mod-
erate and higher compared to the minimal pain experi-
enced during usual care exercise. This moderate quadri-
ceps muscle pain is also reported in patients performing 
BFR-LLST early after ACL (anterior cruciate ligament) 
reconstruction [28]. The perceived pain increase was 
temporary during the occlusion period, as knee joint and 
quadriceps muscle pain at rest before and after the BFR-
LLST session was close to none, indicative of no exacer-
bation of pain symptoms over time.

As seen in healthy subjects performing BFR exercise 
[13, 84], patients experienced the BFR-LLST becoming, 
on average, gradually more painful (mild to moderate) 
in the quadriceps muscle and demanding (light to very/
extremely hard) from the first to the fourth set. The grad-
ual reduction of blood flow to the quadriceps muscle 
during BFR-LLST impacts tissue metabolism and fatigue 
[26, 78], which may explain the perceived quadriceps 
muscle pain [22] and exertion [26]. Interestingly, some 
patients in the present study did not register quadriceps 
muscle pain. This finding may be explained by multiple 
reasons. Some patients associated quadriceps muscle 
pain during BFR-LLST (exercise-related) as beneficial to 
enhance their recovery [14], or/and b) they had a high 
tolerance for muscle pain during exercise [52].

Patients experienced the same or a slightly higher per-
ceived exertion during the BFR-LLST over the entire 
intervention period, indicating that the BFR-LLST stimu-
lus was constant as the external training load (kg lifted) 
during BFR-LLST knee-extension increased. Addition-
ally, quadriceps muscle and knee joint pain remained sta-
ble or tended to decrease during the intervention period. 
Similar patterns were found in patients with ACL-recon-
struction over an eight-week BFR intervention period, 
which suggests that BFR-LLST might have a hypalgesic 
effect on knee joint pain [28]. The mechanism behind the 
reduction of knee joint pain during BFR-LLST is unclear, 
but the moderate quadriceps muscle pain originating 
from the ischemic and exercise-induced and/or the limb 
occlusion pressure during BFR-LLST may have had a 
pain modulating effect in the present study [37].

Thigh circumference, muscle strength and additional 
clinical outcomes  Thigh circumference (and the differ-
ence in thigh circumference between legs) as surrogate 
proxy for thigh muscle mass did not decrease during 
the intervention period, even though patients followed 
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an early range of motion and weight-bearing restric-
tions protocol after cartilage or meniscus repair. This is 
in line with research showing that BFR-LLST helps to 
prevent muscle disuse atrophy in patients after knee sur-
gery [78, 79] and healthy individuals [10, 44, 73]. To our 
knowledge, no study has indicated the beneficial effect of 
BFR-LLST (or any other intervention) on disuse atrophy 
performed early after cartilage or meniscal repair with-
out exacerbation of knee joint and quadriceps muscle 
pain. Still, we found a knee-extension muscle strength 
deficit of the operated compared to the non-operated leg 
(LSI) 26 weeks postoperatively in patients with cartilage 
or meniscus repair. Several factors may explain the knee-
extension deficit after knee surgery. First, the scheduled 
BFR-LLST dose with four sets at each BFR-LLST session, 
five times a week for 9 weeks were maybe not sufficient 
to counteract the negative disuse effects in the early post-
operative phase with limited mobilization and weight-
bearing. Second, the traditional knee-extension progres-
sive high-load strength training was not part of the late 
rehabilitation program (at 6 weeks postoperatively). This 
exercise may have increased the knee-extension strength 
more compared to BFR-LLST knee-extension [27], but 
potentially increases the number of postoperative com-
plications [70, 75]. Third, complications after cartilage 
[83] or meniscus [5, 42] repair are common and may 
have reduced the patients’ willingness to perform maxi-
mal knee-extension strength tests. Fourth, residual levels 
of arthrogenic inhibition of the knee extensors may have 
persisted 26 weeks postoperatively [3].

Overall, our KOOS scores were slightly better (five 
to 15 points higher on KOOS pain, KOOS symptoms 
and KOOS ADL), and our knee-extension strength 
showed similar values (S7 Table  7), to results derived 
from prospective studies investigating either cartilage 
repair [68, 82] or meniscus repair with [41] or without 
[64] ACL reconstruction surgery, between 6 months 
to 2 years postoperatively. However, KOOS scores, 
especially the subgroups KOOS Sport/recreation and 
KOOS Quality of life, remained up to 25–30 points 
lower 6 months postoperatively than a reference pop-
ulation [60]. Our clinical outcomes (KOOS and lower 
limb strength) require a long-term rehabilitation strat-
egy after cartilage [82] or meniscus repair [64].

Study limitations
Several limitations should be noted. First, the study 
was an unblinded prospective feasibility study without 
a control group. Therefore, we cannot determine the 
efficacy of early BFR-LLST after cartilage or meniscus 
repair. A larger blinded randomized controlled trial 

should be undertaken to test the hypothesis that BFR-
LLST added to usual care exercise is superior to usual 
care alone, for knee-extension strength and physical 
function after cartilage or meniscus repair. Second, 
no objective registration was carried out to meas-
ure patients’ adherence to the BFR-LLST protocol at 
home. However, we stressed the importance of adher-
ing to the BFR-LLST home program and patients were 
encouraged to fill out their patient-reported training 
diary at each visit, which we believe resulted in the high 
reported adherence rate. Third, we had no pre-surgery 
records, and were unable to control the intervention 
at the rehabilitation center prior to inclusion in the 
study. After inclusion, patients followed the standard-
ized rehabilitation program. Fourth, the results of this 
study cannot be extrapolated to other BFR-LLST pro-
tocols. However, our BFR-LLST protocol was similar 
to the recommended BFR-LLST protocols to enhance 
muscle mass and strength [49, 62, 69]. Fifth, the relative 
restrictive stimulus (percentage of LOP) is influenced 
by diurnal variability in the systolic blood pressure 
[30]. To ensure a more accurate stimulus, multiple LOP 
measurements prior to the BFR-LLST over time may 
have provided a more valid intended relative stimulus 
(80% LOP).

Clinical applications (generalizability)
The study was an explorative prospective feasibility study, 
in which patients followed a usual care exercise pathway 
in a clinical practice setting, but BFR-LLST knee-exten-
sion without load was added to the program from week 
4-6 week postoperatively and BFR-LLST knee-extension 
with external load replaced the traditional progressive 
strength training from week seven to 12 postoperatively. 
If a clinician has a patient that fulfils the exclusion cri-
teria and takes heed of the patient’s feedback at each 
supervised BFR-LLST session, we believe the methods 
used in this study can be transferred directly into clinical 
practice, as the study was conducted in a clinical setting, 
for patients with early weight-bearing restrictions after 
cartilage or meniscus repair of the knee joint. It should 
be noted that patients were primarily young and had free 
access to their treatment.

Conclusion
Nine weeks of BFR-LLST added to usual care exercise 
initiated early after cartilage or meniscus repair in the 
knee joint seemed feasible without exacerbation of knee 
joint symptoms. Patients adhered well to the BFR-LLST 
protocol. Adverse events were reported, for example diz-
ziness, in most patients, but none were considered seri-
ous. No disuse atrophy of the thigh muscles was found, 
despite patients having weight-bearing restrictions in 
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the intervention period. The encouraging results call for 
a RCT to investigate the efficacy of early BFR-LLST in 
patients with similar or a higher level of disability.

Abbreviations
BFR-LLST: Blood flow restriction – low load strength training; RCT​: Randomized 
controlled trial; RM: Repetition maximum; SOS-R: Section for Orthopedic and 
Sports Rehabilitation; CERT: Consensus on exercise reporting template; S: Sup-
porting information; LOP: Limb occlusion pressure; VAS: Visual analogue scale; 
KOOS: Knee injury and osteoarthritis outcome score; PSFS: Patient-specific 
functional scale; MAR: Missing at random; ACL: Anterior cruciate ligament; SD: 
Standard deviation; IQR: Interquartile range; LM: Lateral meniscus; MM: Medial 
meniscus; FT: Femur trochlea; MFC: Medial femur condyle; LFC: Lateral femur 
condyle; NSAID: Non-steroidal anti-inflammatory drug; IASP: International 
association for the study of pain; LSI: Limb symmetry index.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40634-​022-​00533-4.

Additional file 1: S1. Checklist CONSORT extension to randomized pilot 
and feasibility trials.

Additional file 2: S2. CERT (Consensus on Exercise Reporting Template).

Additional file 3: S3. Rehabilitation regimens - Cartilage (Steadman 
procedure) or meniscus repair.

Additional file 4: S4. Blood Flow Restriction Exercise Leaflet.

Additional file 5: S5. Usual care exercise after cartilage or meniscus repair 
in the knee joint - week 3–6 postoperatively.

Additional file 6: S6. Usual care exercise after cartilage or meniscus repair 
in the knee joint - week 7 postoperatively.

Additional file 7: S7. Supplementary results. S7 Table 1. Patient char-
acteristics at 16 and 26-week assessment. S7 Table 2. Clinical applica-
tion (adherence), training characteristics and pain at rest and during 
BFR-LLST added to usual care exercise. S7 Table 3. Change per week in 
thigh circumference, knee joint and quadriceps pain, perceived exertion 
and training load during the, on average, 11 weeks of BFR-LLST added to 
usual care exercise intervention period (15 sessions). S7 Table 4. Number 
of exercises performed during the group-based usual care exercise 
supervised program (15 sessions). S7 Table 5. Adverse events during the 
BFR-LLST added to usual care exercise intervention period. S7 Table 6. 
Average and overall change in knee joint pain, quadriceps muscle pain 
and perceived exertion from 1st to 4th set within the BFR-LLST session (15 
sessions) for all patients (n = 42).

Acknowledgements
We thank physical therapists Mads Thorup Langelund, Christina Ramos 
Stavngaard, Andreas Olsen, Jonas Samsø Larsen and Mikkel Hvidsteen for 
data acquisition and valuable contribution to the standardization of the 
rehabilitation programs. We acknowledge Christian Vedel Sørensen for his 
help in analyzing and coding data. A sincere acknowledgement goes to the 
management and physical therapists working at the Centre of Rehabilitation, 
Nørrebro, City of Copenhagen, Denmark. Finally, we highly appreciate the 
financial support from Praksisfonden.

Authors’ contributions
All authors contributed to the conceptualization and methodology of the 
study, interpretation of data, wrote the work, drafting the article or revising it 
critically for important intellectual content and accepted final approval of the 
version to be published. Project administration, investigation, acquisition of 
data: TLJ, JF. Formal analyses: TLJ, TK.

Funding
This study was supported by a grant from Praksisfonden (grant number R65-
A1601). We certify that no party having a direct interest in the results of the 

research supporting this article has or will confer a benefit on us or on any 
organization with which we are associated.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The Committees on Biomedical Research Ethics for the Capital Region of 
Denmark approved the study (Protocol nr. 17010473), and the study was 
pre-registered at Clini​cal.​Trials.​gov (NCT03371901) December 13, 2017. 
Patients’ consent to retrieve personal medical data were sought, and therefore 
approval from the Danish Data Protection Agency was not necessary accord-
ing to the Danish Data Protection Legislation and Danish Health Act. Patients 
were provided with written information about the purpose, procedures, and 
safety issues. Written informed consent was obtained in strict accordance with 
the Declaration of Helsinki.

Consent for publication
Written informed consent was obtained to use the pictures from the indi-
vidual appearing in the Supporting information S4 Blood Flow Restriction 
Exercise Leaflet and S5 Usual care exercise after cartilage or meniscus repair in 
the knee joint - week 3–6 postoperatively Exercise Description.

Competing interests
The authors have declared that no competing interests exist, except TB, who 
declares: I have received speaker’s honoraria for talks or expert testimony on 
the efficacy of exercise therapy to enhance recovery after surgery at meetings 
or symposia held by biomedical companies (Zimmer Biomet and Novartis). 
I have received fees for writing textbook chapters (Munksgaard) and for 
organising post-graduate education, such as post-graduate courses in clinical 
exercise physiology (Danish Physical Therapy Organization) or PhD courses on 
clinical research methodology (University of Copenhagen). I am an editorial 
board member with Br J Sports Med. I am an exercise physiologist and physi-
cal therapist and may have a cognitive exercise bias.

Author details
1 Centre of Rehabilitation, City of Copenhagen, Copenhagen, Denmark. 
2 Physical Medicine & Rehabilitation Research – Copenhagen (PMR‑C), Depart-
ment of Physical and Occupational Therapy, Amager and Hvidovre Hospital, 
Hvidovre, Denmark. 3 Department of Clinical Medicine, University of Copen-
hagen, Copenhagen, Denmark. 4 Department of Clinical Research, Amager 
and Hvidovre Hospital, Hvidovre, Denmark. 5 Department of Orthopedic 
Surgery, Amager and Hvidovre Hospital, Hvidovre, Denmark. 

Received: 26 April 2022   Accepted: 2 September 2022

References
	1.	 Aalund PK, Larsen K, Hansen TB, Bandholm T (2013) Normalized knee-

extension strength or leg-press power after fast-track total knee arthro-
plasty: which measure is most closely associated with performance-
based and self-reported function? Arch Phys Med Rehabil 94:384–390. 
https://​doi.​org/​10.​1016/j.​apmr.​2012.​09.​031

	2.	 Arain M, Campbell MJ, Cooper CL, Lancaster GA (2010) What is a pilot or 
feasibility study? A review of current practice and editorial policy. BMC 
Med Res Methodol 10:67. https://​doi.​org/​10.​1186/​1471-​2288-​10-​67

	3.	 Becker R, Berth A, Nehring M, Awiszus F (2004) Neuromuscular 
quadriceps dysfunction prior to osteoarthritis of the knee. J Orthop Res 
22:768–773. https://​doi.​org/​10.​1016/j.​orthr​es.​2003.​11.​004

	4.	 Billingham SAM, Whitehead AL, Julious SA (2013) An audit of sample 
sizes for pilot and feasibility trials being undertaken in the United 
Kingdom registered in the United Kingdom clinical research network 
database. BMC Med Res Methodol 13:104. https://​doi.​org/​10.​1186/​
1471-​2288-​13-​104

https://doi.org/10.1186/s40634-022-00533-4
https://doi.org/10.1186/s40634-022-00533-4
http://clinical.trials.gov
https://doi.org/10.1016/j.apmr.2012.09.031
https://doi.org/10.1186/1471-2288-10-67
https://doi.org/10.1016/j.orthres.2003.11.004
https://doi.org/10.1186/1471-2288-13-104
https://doi.org/10.1186/1471-2288-13-104


Page 15 of 17Jakobsen et al. Journal of Experimental Orthopaedics           (2022) 9:101 	

	5.	 Blanchard ER, Hadley CJ, Wicks ED, Emper W, Cohen SB (2020) Return 
to play after isolated meniscal repairs in athletes: a systematic review. 
Orthop J Sports Med 8:2325967120962093. https://​doi.​org/​10.​1177/​
23259​67120​962093

	6.	 Borg G (1970) Perceived exertion as an indicator of somatic stress. Scand 
J Rehabil Med 2:92–98

	7.	 Boutron I, Moher D, Altman DG, Schulz KF, Ravaud P (2008) Extending the 
CONSORT statement to randomized trials of nonpharmacologic treat-
ment: explanation and elaboration. Ann Intern Med 148:295–309. https://​
doi.​org/​10.​7326/​0003-​4819-​148-4-​20080​2190-​00008

	8.	 Breivik H, Borchgrevink PC, Allen SM, Rosseland LA, Romundstad L, Hals 
EKB, Kvarstein G, Stubhaug A (2008) Assessment of pain. Br J Anaesth 
101:17–24. https://​doi.​org/​10.​1093/​bja/​aen103

	9.	 Brekke AF, Sørensen AN, Buhr C, Johannesdottír ÍO, Jakobsen TL (2020) The 
validity and reliability of the handheld oximeter to determine limb occlu-
sion pressure for blood flow restriction exercise in the lower extremity. Int 
J Sports Phys Ther 15:783–791. https://​doi.​org/​10.​26603/​ijspt​20200​783

	10.	 Centner C, Wiegel P, Gollhofer A, König D (2019) Effects of blood flow 
restriction training on muscular strength and hypertrophy in older indi-
viduals: a systematic review and Meta-analysis. Sports Med 49:95–108. 
https://​doi.​org/​10.​1007/​s40279-​018-​0994-1

	11.	 Cook SB, Scott BR, Hayes KL, Murphy BG (2018) Neuromuscular adapta-
tions to low-load blood flow restricted resistance training. J Sports Sci 
Med 17:66–73 PMCID: PMC5844210

	12.	 Cristina-Oliveira M, Meireles K, Spranger MD, O’Leary DS, Roschel H, 
Peçanha T (2020) Clinical safety of blood flow-restricted training? A 
comprehensive review of altered muscle metaboreflex in cardiovas-
cular disease during ischemic exercise. Am J Physiol Heart Circ Physiol 
318:H90–H109. https://​doi.​org/​10.​1152/​ajphe​art.​00468.​2019

	13.	 Dankel SJ, Jessee MB, Mattocks KT, Buckner SL, Mouser JG, Bell ZW, Abe 
T, Loenneke JP (2019) Perceptual and arterial occlusion responses to very 
low load blood flow restricted exercise performed to volitional failure. 
Clin Physiol Funct Imaging 39:29–34. https://​doi.​org/​10.​1111/​cpf.​12535

	14.	 Dannecker EA, Koltyn KF (2014) Pain during and within hours after exer-
cise in healthy adults. Sports Med 44:921–942. https://​doi.​org/​10.​1007/​
s40279-​014-​0172-z

	15.	 Das A, Paton B (2022) Is there a minimum effective dose for vascular 
occlusion during blood flow restriction training? Front Physiol 13:838115. 
https://​doi.​org/​10.​3389/​fphys.​2022.​838115

	16.	 Dworkin RH, Turk DC, Wyrwich KW, Beaton D, Cleeland CS, Farrar JT, Hay-
thornthwaite JA, Jensen MP, Kerns RD, Ader DN, Brandenburg N, Burke 
LB, Cella D, Chandler J, Cowan P, Dimitrova R, Dionne R, Hertz S, Jadad 
AR, Katz NP, Kehlet H, Kramer LD, Manning DC, McCormick C, McDermott 
MP, McQuay HJ, Patel S, Porter L, Quessy S, Rappaport BA, Rauschkolb C, 
Revicki DA, Rothman M, Schmader KE, Stacey BR, Stauffer JW, von Stein T, 
White RE, Witter J, Zavisic S (2008) Interpreting the clinical importance of 
treatment outcomes in chronic pain clinical trials: IMMPACT recommen-
dations. J Pain 9:105–121. https://​doi.​org/​10.​1016/j.​jpain.​2007.​09.​005

	17.	 Eldridge SM, Chan CL, Campbell MJ, Bond CM, Hopewell S, Thabane L, 
Lancaster GA, PAFS consensus group (2016) CONSORT 2010 statement: 
extension to randomised pilot and feasibility trials. Pilot Feasibility Stud 
2:64. https://​doi.​org/​10.​1186/​s40814-​016-​0105-8

	18.	 European Medicines Agency (2006) Clinical safety data management: 
definitions and standards for expedited reporting. ICH harmonised tripar-
tite guideline. www.​ema.​europa.​eu/​en/​docum​ents/​scien​tific-​guide​line/​
inter​natio​nal-​confe​rence-​harmo​nisat​ion-​techn​ical-​requi​remen​ts-​regis​
trati​on-​pharm​aceut​icals-​human-​use_​en-​15.​pdf. Accessed 19 Apr 2022

	19.	 Ezaki C, Murata S, Miyazaki J, Horie J, Murata J, Otao H (2010) Relation-
ship between thigh circumference, quadriceps Femoris thickness and 
quadriceps Femoris muscle strength in community-dwelling elderly. 
Rigakuryoho Kagaku 25:673–676. https://​doi.​org/​10.​1589/​rika.​25.​673

	20.	 Farrar JT, Young JP, LaMoreaux L, Werth JL, Poole RM (2001) Clinical impor-
tance of changes in chronic pain intensity measured on an 11-point 
numerical pain rating scale. Pain 94:149–158. https://​doi.​org/​10.​1016/​
S0304-​3959(01)​00349-9

	21.	 Fatela P, Reis JF, Mendonca GV, Avela J, Mil-Homens P (2016) Acute effects 
of exercise under different levels of blood-flow restriction on muscle 
activation and fatigue. Eur J Appl Physiol 116:985–995. https://​doi.​org/​10.​
1007/​s00421-​016-​3359-1

	22.	 Fukuba Y, Kitano A, Hayashi N, Yoshida T, Ueoka H, Endo MY, Miura A 
(2007) Effects of femoral vascular occlusion on ventilatory responses 

during recovery from exercise in human. Respir Physiol Neurobiol 
155:29–34. https://​doi.​org/​10.​1016/j.​resp.​2006.​02.​017

	23.	 Gagnon D, Nadeau S, Gravel D, Robert J, Belanger D, Hilsenrath M (2005) 
Reliability and validity of static knee strength measurements obtained 
with a chair-fixed dynamometer in subjects with hip or knee arthroplasty. 
Arch Phys Med Rehabil 86:1998–2008. https://​doi.​org/​10.​1016/j.​apmr.​
2005.​04.​013

	24.	 Gaunder CL, Hawkinson MP, Tennent DJ, Tubb CC (2017) Occlusion train-
ing: pilot study for postoperative lower extremity rehabilitation following 
primary total knee arthroplasty. US Army Med Dep J 2–17:39–43 PMID: 
28853118

	25.	 Hall M, Juhl CB, Lund H, Thorlund JB (2015) Knee extensor muscle 
strength in middle-aged and older individuals undergoing arthroscopic 
partial Meniscectomy: a systematic review and Meta-analysis. Arthritis 
Care Res 67:1289–1296. https://​doi.​org/​10.​1002/​acr.​22581

	26.	 Hollander DB, Reeves GV, Clavier JD, Francois MR, Thomas C, Kraemer RR 
(2010) Partial occlusion during resistance exercise alters effort sense and 
pain. J Strength Cond Res 24:235–243. https://​doi.​org/​10.​1519/​JSC.​0b013​
e3181​c7badf

	27.	 Hughes L, Paton B, Rosenblatt B, Gissane C, Patterson SD (2017) Blood 
flow restriction training in clinical musculoskeletal rehabilitation: a sys-
tematic review and meta-analysis. Br J Sports Med 51:1003–1011. https://​
doi.​org/​10.​1136/​bjspo​rts-​2016-​097071

	28.	 Hughes L, Patterson SD, Haddad F, Rosenblatt B, Gissane C, McCarthy D, 
Clarke T, Ferris G, Dawes J, Paton B (2019) Examination of the comfort and 
pain experienced with blood flow restriction training during post-surgery 
rehabilitation of anterior cruciate ligament reconstruction patients: a UK 
National Health Service trial. Phys Ther Sport 39:90–98. https://​doi.​org/​10.​
1016/j.​ptsp.​2019.​06.​014

	29.	 Hughes L, Rosenblatt B, Haddad F, Gissane C, McCarthy D, Clarke T, Ferris 
G, Dawes J, Paton B, Patterson SD (2019) Comparing the effectiveness of 
blood flow restriction and traditional heavy load resistance training in 
the post-surgery rehabilitation of anterior cruciate ligament reconstruc-
tion patients: a UK National Health Service Randomised Controlled Trial. 
Sports Med 49:1787–1805. https://​doi.​org/​10.​1007/​s40279-​019-​01137-2

	30.	 Ingram JW, Dankel SJ, Buckner SL, Counts BR, Mouser JG, Abe T, Lauren-
tino GC, Loenneke JP (2017) The influence of time on determining blood 
flow restriction pressure. J Sci Med Sport 20:777–780. https://​doi.​org/​10.​
1016/j.​jsams.​2016.​11.​013

	31.	 Ioannidis JPA, Evans SJW, Gøtzsche PC, O’Neill RT, Altman DG, Schulz 
K, Moher D, CONSORT Group (2004) Better reporting of harms in 
randomized trials: an extension of the CONSORT statement. Ann Intern 
Med 141:781–788. https://​doi.​org/​10.​7326/​0003-​4819-​141-​10-​20041​
1160-​00009

	32.	 Jakobsen TL, Christensen M, Christensen SS, Olsen M, Bandholm T (2010) 
Reliability of knee joint range of motion and circumference measure-
ments after total knee arthroplasty: does tester experience matter? 
Physiother Res Int 15:126–134. https://​doi.​org/​10.​1002/​pri.​450

	33.	 Järvelä T, Kannus P, Latvala K, Järvinen M (2002) Simple measurements in 
assessing muscle performance after an ACL reconstruction. Int J Sports 
Med 23:196–201. https://​doi.​org/​10.​1055/s-​2002-​23171

	34.	 Julious SA (2005) Sample size of 12 per group rule of thumb for a pilot 
study. Pharm Stat 4:287–291. https://​doi.​org/​10.​1002/​pst.​185

	35.	 Kacin A, Rosenblatt BE, Žargi TG, Biswas A (2015) Safety considerations 
with blood flow restricted resistance training. Ann Kin 6:3–26

	36.	 Kaur N, Figueiredo S, Bouchard V, Moriello C, Mayo N (2017) Where have 
all the pilot studies gone? A follow-up on 30 years of pilot studies in 
clinical rehabilitation. Clin Rehabil 31:1238–1248. https://​doi.​org/​10.​1177/​
02692​15517​692129

	37.	 Korakakis V, Whiteley R, Giakas G (2018) Low load resistance training with 
blood flow restriction decreases anterior knee pain more than resist-
ance training alone. A pilot randomised controlled trial. Phys Ther Sport 
34:121–128. https://​doi.​org/​10.​1016/j.​ptsp.​2018.​09.​007

	38.	 Kronborg L, Bandholm T, Palm H, Kehlet H, Kristensen MT (2014) Feasibil-
ity of progressive strength training implemented in the acute ward after 
hip fracture surgery. PLoSOne 9:e93332. https://​doi.​org/​10.​1371/​journ​al.​
pone.​00933​32

	39.	 Kruithof EE, Thomas SA, Tripp P (2018) Blood flow restriction therapy 
following microfracture surgery for Osteochondritis Dissecans in a colle-
giate athlete. Int J Athletic Ther Train 23:230–233. https://​doi.​org/​10.​1123/​
ijatt.​2017-​0018

https://doi.org/10.1177/2325967120962093
https://doi.org/10.1177/2325967120962093
https://doi.org/10.7326/0003-4819-148-4-200802190-00008
https://doi.org/10.7326/0003-4819-148-4-200802190-00008
https://doi.org/10.1093/bja/aen103
https://doi.org/10.26603/ijspt20200783
https://doi.org/10.1007/s40279-018-0994-1
https://doi.org/10.1152/ajpheart.00468.2019
https://doi.org/10.1111/cpf.12535
https://doi.org/10.1007/s40279-014-0172-z
https://doi.org/10.1007/s40279-014-0172-z
https://doi.org/10.3389/fphys.2022.838115
https://doi.org/10.1016/j.jpain.2007.09.005
https://doi.org/10.1186/s40814-016-0105-8
http://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-15.pdf
http://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-15.pdf
http://www.ema.europa.eu/en/documents/scientific-guideline/international-conference-harmonisation-technical-requirements-registration-pharmaceuticals-human-use_en-15.pdf
https://doi.org/10.1589/rika.25.673
https://doi.org/10.1016/S0304-3959(01)00349-9
https://doi.org/10.1016/S0304-3959(01)00349-9
https://doi.org/10.1007/s00421-016-3359-1
https://doi.org/10.1007/s00421-016-3359-1
https://doi.org/10.1016/j.resp.2006.02.017
https://doi.org/10.1016/j.apmr.2005.04.013
https://doi.org/10.1016/j.apmr.2005.04.013
https://doi.org/10.1002/acr.22581
https://doi.org/10.1519/JSC.0b013e3181c7badf
https://doi.org/10.1519/JSC.0b013e3181c7badf
https://doi.org/10.1136/bjsports-2016-097071
https://doi.org/10.1136/bjsports-2016-097071
https://doi.org/10.1016/j.ptsp.2019.06.014
https://doi.org/10.1016/j.ptsp.2019.06.014
https://doi.org/10.1007/s40279-019-01137-2
https://doi.org/10.1016/j.jsams.2016.11.013
https://doi.org/10.1016/j.jsams.2016.11.013
https://doi.org/10.7326/0003-4819-141-10-200411160-00009
https://doi.org/10.7326/0003-4819-141-10-200411160-00009
https://doi.org/10.1002/pri.450
https://doi.org/10.1055/s-2002-23171
https://doi.org/10.1002/pst.185
https://doi.org/10.1177/0269215517692129
https://doi.org/10.1177/0269215517692129
https://doi.org/10.1016/j.ptsp.2018.09.007
https://doi.org/10.1371/journal.pone.0093332
https://doi.org/10.1371/journal.pone.0093332
https://doi.org/10.1123/ijatt.2017-0018
https://doi.org/10.1123/ijatt.2017-0018


Page 16 of 17Jakobsen et al. Journal of Experimental Orthopaedics           (2022) 9:101 

	40.	 Laurentino GC, Loenneke JP, Mouser JG, Buckner SL, Counts BR, Dankel 
SJ, Jessee MB, Mattocks KT, Iared W, Tavares LD, Teixeira EL, Tricoli V (2018) 
Validity of the handheld Doppler to determine lower-limb blood flow 
restriction pressure for exercise protocols. J Strength Cond Res. https://​
doi.​org/​10.​1519/​JSC.​00000​00000​002665

	41.	 Lepley LK, Wojtys EM, Palmieri-Smith RM (2015) Does concomitant 
meniscectomy or meniscal repair affect the recovery of quadriceps 
function post-ACL reconstruction? Knee Surg Sports Traumatol Arthrosc 
23:2756–2761. https://​doi.​org/​10.​1007/​s00167-​014-​3093-3

	42.	 Lind M, Nielsen T, Faunø P, Lund B, Christiansen SE (2013) Free rehabilita-
tion is safe after isolated meniscus repair: a prospective randomized trial 
comparing free with restricted rehabilitation regimens. Am J Sports Med 
41:2753–2758. https://​doi.​org/​10.​1177/​03635​46513​505079

	43.	 Little RJA, Rubin DB (2002) Statistical analysis with missing data, 2nd edn. 
Wiley, Hoboken

	44.	 Lixandrao ME, Ugrinowitsch C, Berton R, Vechin FC, Conceicao MS, Damas 
F, Libardi CA, Roschel H (2018) Magnitude of muscle strength and mass 
adaptations between high-load resistance training versus low-load resist-
ance training associated with blood-flow restriction: a systematic review 
and Meta-analysis. Sports Med 48:361–378. https://​doi.​org/​10.​1007/​
s40279-​017-​0795-y

	45.	 Lixandrão ME, Ugrinowitsch C, Laurentino G, Libardi CA, Aihara AY, 
Cardoso FN, Tricoli V, Roschel H (2015) Effects of exercise intensity and 
occlusion pressure after 12 weeks of resistance training with blood-flow 
restriction. Eur J Appl Physiol 115:2471–2480. https://​doi.​org/​10.​1007/​
s00421-​015-​3253-2

	46.	 Loenneke JP, Kim D, Mouser JG, Allen KM, Thiebaud RS, Abe T, Bemben 
MG (2016) Are there perceptual differences to varying levels of blood 
flow restriction? Physiol Behav 157:277–280. https://​doi.​org/​10.​1016/j.​
physb​eh.​2016.​02.​022

	47.	 Loenneke JP, Wilson JM, Marín PJ, Zourdos MC, Bemben MG (2012) Low 
intensity blood flow restriction training: a meta-analysis. Eur J Appl 
Physiol 112:1849–1859. https://​doi.​org/​10.​1007/​s00421-​011-​2167-x

	48.	 Loenneke JP, Wilson JM, Wilson GJ, Pujol TJ, Bemben MG (2011) Potential 
safety issues with blood flow restriction training. Scand J Med Sci Sports 
21:510–518. https://​doi.​org/​10.​1111/j.​1600-​0838.​2010.​01290.x

	49.	 Lorenz DS, Bailey L, Wilk KE, Mangine RE, Head P, Grindstaff TL, Morrison S 
(2021) Blood flow restriction training. J Athl Train 56:937–944. https://​doi.​
org/​10.​4085/​418-​20

	50.	 Mazzolai L, Aboyans V, Ageno W, Agnelli G, Alatri A, Bauersachs R, 
Brekelmans MPA, Büller HR, Elias A, Farge D, Konstantinides S, Palareti G, 
Prandoni P, Righini M, Torbicki A, Vlachopoulos C, Brodmann M (2018) 
Diagnosis and management of acute deep vein thrombosis: a joint 
consensus document from the European Society of Cardiology working 
groups of aorta and peripheral vascular diseases and pulmonary circula-
tion and right ventricular function. Eur Heart J 39:4208–4218. https://​doi.​
org/​10.​1093/​eurhe​artj/​ehx003

	51.	 Mikkelsen EK, Jakobsen TL, Holsgaard-Larsen A, Andersen LL, Bandholm 
T (2016) Strength training to contraction failure increases voluntary 
activation of the quadriceps muscle shortly after Total knee Arthroplasty: 
a cross-sectional study. Am J Phys Med Rehabil 95:194–203. https://​doi.​
org/​10.​1097/​PHM.​00000​00000​000361

	52.	 Motl RW, Gliottoni RC, Scott JA (2007) Self-efficacy correlates with leg 
muscle pain during maximal and submaximal cycling exercise. J Pain 
8:583–587. https://​doi.​org/​10.​1016/j.​jpain.​2007.​03.​002

	53.	 Murray J, Bennett H, Boyle T, Williams M, Davison K (2021) Approaches to 
determining occlusion pressure for blood flow restricted exercise train-
ing: systematic review. J Sports Sci 39:663–672. https://​doi.​org/​10.​1080/​
02640​414.​2020.​18407​34

	54.	 Nakajima T, Kurano M, Iida H, Takano H, Oonuma H, Morita T, Meguro K, 
Sato Y, Nagata T, KAATSU Training Group (2006) Use and safety of KAATSU 
training: results of a national survey. Int J KAATSU Train Res 2:5–13. 
https://​doi.​org/​10.​3806/​ijktr.2.5

	55.	 Nepple JJ, Dunn WR, Wright RW (2012) Meniscal repair outcomes at 
greater than five years: a systematic literature review and meta-analysis. J 
Bone Joint Surg Am 94:2222–2227. https://​doi.​org/​10.​2106/​JBJS.K.​01584

	56.	 Nielsen JL, Aagaard P, Bech RD, Nygaard T, Hvid LG, Wernbom M, Suetta C, 
Frandsen U (2012) Proliferation of myogenic stem cells in human skeletal 
muscle in response to low-load resistance training with blood flow 
restriction. J Physiol Lond 590:4351–4361. https://​doi.​org/​10.​1113/​jphys​
iol.​2012.​237008

	57.	 Niemeijer A, Lund H, Stafne SN, Ipsen T, Goldschmidt CL, Jørgensen 
CT, Juhl CB (2020) Adverse events of exercise therapy in randomised 
controlled trials: a systematic review and meta-analysis. Br J Sports Med 
54:1073–1080. https://​doi.​org/​10.​1136/​bjspo​rts-​2018-​100461

	58.	 Noordin S, McEwen JA, Kragh JF, Eisen A, Masri BA (2009) Surgical tourni-
quets in orthopaedics. J Bone Joint Surg Am 91:2958–2967. https://​doi.​
org/​10.​2106/​JBJS.I.​00634

	59.	 Ohta H, Kurosawa H, Ikeda H, Iwase Y, Satou N, Nakamura S (2003) Low-
load resistance muscular training with moderate restriction of blood 
flow after anterior cruciate ligament reconstruction. Acta Orthop Scand 
74:62–68. https://​doi.​org/​10.​1080/​00016​47031​00136​80

	60.	 Paradowski PT, Bergman S, Sunden-Lundius A, Lohmander LS, Roos EM 
(2006) Knee complaints vary with age and gender in the adult popula-
tion. Population-based reference data for the Knee injury and Osteoar-
thritis Outcome Score (KOOS). BMC Musculoskelet Disord 7:38. https://​
doi.​org/​10.​1186/​1471-​2474-7-​38

	61.	 Patterson SD, Brandner CR (2018) The role of blood flow restriction train-
ing for applied practitioners: a questionnaire-based survey. J Sports Sci 
36:123–130. https://​doi.​org/​10.​1080/​02640​414.​2017.​12843​41

	62.	 Patterson SD, Hughes L, Warmington S, Burr J, Scott BR, Owens J, Abe T, 
Nielsen JL, Libardi CA, Laurentino G, Neto GR, Brandner C, Martin-Hernan-
dez J, Loenneke J (2019) Blood flow restriction exercise: considerations 
of methodology, application, and safety. Front Physiol 10:533. https://​doi.​
org/​10.​3389/​fphys.​2019.​00533

	63.	 Pearson SJ, Hussain SR (2015) A review on the mechanisms of blood-flow 
restriction resistance training-induced muscle hypertrophy. Sports Med 
45:187–200. https://​doi.​org/​10.​1007/​s40279-​014-​0264-9

	64.	 Pihl K, Englund M, Christensen R, Lohmander LS, Jørgensen U, Viberg 
B, Fristed JV, Thorlund JB (2021) Less improvement following meniscal 
repair compared with arthroscopic partial meniscectomy: a prospective 
cohort study of patient-reported outcomes in 150 young adults at 1- and 
5-years’ follow-up. Acta Orthop 92:589–596. https://​doi.​org/​10.​1080/​
17453​674.​2021.​19178​26

	65.	 Præstegaard M, Beisvåg E, Erichsen JL, Brix M, Viberg B (2019) Tourniquet 
use in lower limb fracture surgery: a systematic review and meta-analysis. 
Eur J Orthop Surg Traumatol 29:175–181. https://​doi.​org/​10.​1007/​
s00590-​018-​2282-z

	66.	 Rice DA, McNair PJ (2010) Quadriceps arthrogenic muscle inhibition: 
neural mechanisms and treatment perspectives. Semin Arthritis Rheum 
40:250–266. https://​doi.​org/​10.​1016/j.​semar​thrit.​2009.​10.​001

	67.	 Roos EM, Roos HP, Ekdahl C, Lohmander LS (1998) Knee injury and Osteo-
arthritis Outcome Score (KOOS)--validation of a Swedish version. Scand 
J Med Sci Sports 8:439–448. https://​doi.​org/​10.​1111/j.​1600-​0838.​1998.​
tb004​65.x

	68.	 Saris D, Price A, Widuchowski W, Bertrand-Marchand M, Caron J, Drog-
set JO, Emans P, Podskubka A, Tsuchida A, Kili S, Levine D, Brittberg M 
(2014) Matrix-applied characterized autologous cultured chondrocytes 
versus microfracture: two-year follow-up of a prospective randomized 
trial. Am J Sports Med 42:1384–1394. https://​doi.​org/​10.​1177/​03635​
46514​528093

	69.	 Scott BR, Loenneke JP, Slattery KM, Dascombe BJ (2015) Exercise with 
blood flow restriction: an updated evidence-based approach for 
enhanced muscular development. Sports Med 45:313–325. https://​doi.​
org/​10.​1007/​s40279-​014-​0288-1

	70.	 Sherman SL, DiPaolo ZJ, Ray TE, Sachs BM, Oladeji LO (2020) Meniscus 
injuries: a review of rehabilitation and return to play. Clin Sports Med 
39:165–183. https://​doi.​org/​10.​1016/j.​csm.​2019.​08.​004

	71.	 Sim J, Lewis M (2012) The size of a pilot study for a clinical trial should be 
calculated in relation to considerations of precision and efficiency. J Clin 
Epidemiol 65:301–308. https://​doi.​org/​10.​1016/j.​jclin​epi.​2011.​07.​011

	72.	 Slade SC, Dionne CE, Underwood M, Buchbinder R (2016) Consensus 
on exercise reporting template (CERT): explanation and elaboration 
statement. Br J Sports Med 50:1428–1437. https://​doi.​org/​10.​1136/​bjspo​
rts-​2016-​096651

	73.	 Slysz J, Stultz J, Burr JF (2016) The efficacy of blood flow restricted exer-
cise: a systematic review & meta-analysis. J Sci Med Sport 19:669–675. 
https://​doi.​org/​10.​1016/j.​jsams.​2015.​09.​005

	74.	 Spranger MD, Krishnan AC, Levy PD, O’Leary DS, Smith SA (2015) Blood 
flow restriction training and the exercise pressor reflex: a call for concern. 
Am J Physiol Heart Circ Physiol 309:H1440–H1452. https://​doi.​org/​10.​
1152/​ajphe​art.​00208.​2015

https://doi.org/10.1519/JSC.0000000000002665
https://doi.org/10.1519/JSC.0000000000002665
https://doi.org/10.1007/s00167-014-3093-3
https://doi.org/10.1177/0363546513505079
https://doi.org/10.1007/s40279-017-0795-y
https://doi.org/10.1007/s40279-017-0795-y
https://doi.org/10.1007/s00421-015-3253-2
https://doi.org/10.1007/s00421-015-3253-2
https://doi.org/10.1016/j.physbeh.2016.02.022
https://doi.org/10.1016/j.physbeh.2016.02.022
https://doi.org/10.1007/s00421-011-2167-x
https://doi.org/10.1111/j.1600-0838.2010.01290.x
https://doi.org/10.4085/418-20
https://doi.org/10.4085/418-20
https://doi.org/10.1093/eurheartj/ehx003
https://doi.org/10.1093/eurheartj/ehx003
https://doi.org/10.1097/PHM.0000000000000361
https://doi.org/10.1097/PHM.0000000000000361
https://doi.org/10.1016/j.jpain.2007.03.002
https://doi.org/10.1080/02640414.2020.1840734
https://doi.org/10.1080/02640414.2020.1840734
https://doi.org/10.3806/ijktr.2.5
https://doi.org/10.2106/JBJS.K.01584
https://doi.org/10.1113/jphysiol.2012.237008
https://doi.org/10.1113/jphysiol.2012.237008
https://doi.org/10.1136/bjsports-2018-100461
https://doi.org/10.2106/JBJS.I.00634
https://doi.org/10.2106/JBJS.I.00634
https://doi.org/10.1080/00016470310013680
https://doi.org/10.1186/1471-2474-7-38
https://doi.org/10.1186/1471-2474-7-38
https://doi.org/10.1080/02640414.2017.1284341
https://doi.org/10.3389/fphys.2019.00533
https://doi.org/10.3389/fphys.2019.00533
https://doi.org/10.1007/s40279-014-0264-9
https://doi.org/10.1080/17453674.2021.1917826
https://doi.org/10.1080/17453674.2021.1917826
https://doi.org/10.1007/s00590-018-2282-z
https://doi.org/10.1007/s00590-018-2282-z
https://doi.org/10.1016/j.semarthrit.2009.10.001
https://doi.org/10.1111/j.1600-0838.1998.tb00465.x
https://doi.org/10.1111/j.1600-0838.1998.tb00465.x
https://doi.org/10.1177/0363546514528093
https://doi.org/10.1177/0363546514528093
https://doi.org/10.1007/s40279-014-0288-1
https://doi.org/10.1007/s40279-014-0288-1
https://doi.org/10.1016/j.csm.2019.08.004
https://doi.org/10.1016/j.jclinepi.2011.07.011
https://doi.org/10.1136/bjsports-2016-096651
https://doi.org/10.1136/bjsports-2016-096651
https://doi.org/10.1016/j.jsams.2015.09.005
https://doi.org/10.1152/ajpheart.00208.2015
https://doi.org/10.1152/ajpheart.00208.2015


Page 17 of 17Jakobsen et al. Journal of Experimental Orthopaedics           (2022) 9:101 	

	75.	 Steadman JR, Briggs KK, Rodrigo JJ, Kocher MS, Gill TJ, Rodkey WG (2003) 
Outcomes of microfracture for traumatic chondral defects of the knee: 
average 11-year follow-up. Arthroscopy 19:477–484. https://​doi.​org/​10.​
1053/​jars.​2003.​50112

	76.	 Stein T, Mehling AP, Jost K, Auhuber TC, Jäger A (2009) Measurements of 
the quadriceps femoris function after meniscus refixation at the stable 
athlete’s knee. Arch Orthop Trauma Surg 129:1063–1069. https://​doi.​org/​
10.​1007/​s00402-​009-​0852-6

	77.	 Stratford P, Gill C, Westaway M, Binkley J (1995) Assessing disability and 
change on individual patients: a report of a patient specific measure. 
Physiother Can 47:258–263. https://​doi.​org/​10.​3138/​ptc.​47.4.​258

	78.	 Takarada Y, Takazawa H, Ishii N (2000) Applications of vascular occlusion 
diminish disuse atrophy of knee extensor muscles. Med Sci Sports Exerc 
32:2035–2039. https://​doi.​org/​10.​1097/​00005​768-​20001​2000-​00011

	79.	 Tennent DJ, Hylden CM, Johnson AE, Burns TC, Wilken JM, Owens JG 
(2017) Blood flow restriction training after knee arthroscopy: a rand-
omized controlled pilot study. Clin J Sport Med 27:245–252. https://​doi.​
org/​10.​1097/​JSM.​00000​00000​000377

	80.	 Toigo M, Boutellier U (2006) New fundamental resistance exercise deter-
minants of molecular and cellular muscle adaptations. Eur J Appl Physiol 
97:643–663. https://​doi.​org/​10.​1007/​s00421-​006-​0238-1

	81.	 Treede R-D, Rief W, Barke A, Aziz Q, Bennett MI, Benoliel R, Cohen M, Evers 
S, Finnerup NB, First MB, Giamberardino MA, Kaasa S, Korwisi B, Kosek 
E, Lavandʼhomme P, Nicholas M, Perrot S, Scholz J, Schug S, Smith BH, 
Svensson P, Vlaeyen JWS, Wang S-J (2019) Chronic pain as a symptom or 
a disease: the IASP classification of chronic pain for the international clas-
sification of diseases (ICD-11). Pain 160:19–27. https://​doi.​org/​10.​1097/j.​
pain.​00000​00000​001384

	82.	 Van Assche D, Staes F, Van Caspel D, Vanlauwe J, Bellemans J, Saris DB, 
Luyten FP (2010) Autologous chondrocyte implantation versus microfrac-
ture for knee cartilage injury: a prospective randomized trial, with 2-year 
follow-up. Knee Surg Sports Traumatol Arthrosc 18:486–495. https://​doi.​
org/​10.​1007/​s00167-​009-​0955-1

	83.	 Weber AE, Locker PH, Mayer EN, Cvetanovich GL, Tilton AK, Erickson BJ, 
Yanke AB, Cole BJ (2018) Clinical outcomes after microfracture of the 
knee: midterm follow-up. Orthop J Sports Med 6:2325967117753572. 
https://​doi.​org/​10.​1177/​23259​67117​753572

	84.	 Yasuda T, Ogasawara R, Sakamaki M, Ozaki H, Sato Y, Abe T (2011) 
Combined effects of low-intensity blood flow restriction training and 
high-intensity resistance training on muscle strength and size. Eur J Appl 
Physiol 111:2525–2533. https://​doi.​org/​10.​1007/​s00421-​011-​1873-8

	85.	 Zeng Z, Centner C, Gollhofer A, König D (2019) Blood flow restriction 
training - validity of pulse Oximetry to assess arterial occlusion pressure. 
Int J Sports Physiol Perform:1–18. https://​doi.​org/​10.​1123/​ijspp.​2019-​0043

	86.	 Zhang W, Li N, Chen S, Tan Y, Al-Aidaros M, Chen L (2014) The effects of a 
tourniquet used in total knee arthroplasty: a meta-analysis. J Orthop Surg 
Res 9:13. https://​doi.​org/​10.​1186/​1749-​799X-9-​13

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1053/jars.2003.50112
https://doi.org/10.1053/jars.2003.50112
https://doi.org/10.1007/s00402-009-0852-6
https://doi.org/10.1007/s00402-009-0852-6
https://doi.org/10.3138/ptc.47.4.258
https://doi.org/10.1097/00005768-200012000-00011
https://doi.org/10.1097/JSM.0000000000000377
https://doi.org/10.1097/JSM.0000000000000377
https://doi.org/10.1007/s00421-006-0238-1
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1007/s00167-009-0955-1
https://doi.org/10.1007/s00167-009-0955-1
https://doi.org/10.1177/2325967117753572
https://doi.org/10.1007/s00421-011-1873-8
https://doi.org/10.1123/ijspp.2019-0043
https://doi.org/10.1186/1749-799X-9-13

	Blood flow restriction added to usual care exercise in patients with early weight bearing restrictions after cartilage or meniscus repair in the knee joint: a feasibility study
	Abstract 
	Purpose: 
	Methods: 
	Results: 
	Conclusions: 
	Trial registration: 

	Background
	Material and methods
	Procedures
	Exercise intervention
	Blood flow restriction – low-load strength training (BFR-LLST)
	Usual care exercise

	Clinical application (adherence)
	Harms
	Outcome measures
	Sample size
	Statistical analysis

	Results
	Clinical application (adherence) and training characteristics
	Outcome measures
	Knee joint and quadriceps muscle pain
	Changes during the BFR-LLST intervention period
	Changes within the BFR-LLST supervised session (four sets each)
	Clinical outcome measures

	Harms

	Discussion
	Interpretation
	Clinical application (adherence) and training characteristics
	Harms
	Outcome measures

	Study limitations
	Clinical applications (generalizability)
	Conclusion
	Acknowledgements
	References


