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Abstract  

Purpose:  
It is well established that high-load resistance training (HL-RT, >70%/1RM) activates mTORC1 and 
elevates muscle protein synthesis. In addition, evidence from the last decade point to the direction 
that lower mechanical loads (20-40% 1RM) combined with blood flow restriction (BFR-RT) can 
augment protein synthesis to a similar extent (Fry et al., 2010). Corresponding signalling pathways 
have been identified, however, no studies have directly compared the anabolic signalling 
succeeding a bout of BFR-RT vs. HL-RT. Thus, we aim to elucidate some of the anabolic signalling 
regulating muscle hypertrophy induced by BFR-RT compared to HL-RT. 
Methods:  
Twenty-one strength trained males and females (24±3y) performed 9 weeks of lower body strength 
training (3/week) with either BFR-RT or HL-RT. Before and after the intervention, muscle mass 
was quantified with DEXA and MRI, and muscle function was assessed with MVIC of knee 
extensors. Biopsies were obtained from m. vastus lateralis before and 2, 24 and 48-h after the last 
exercise session. 
Results:  
Quadriceps CSA increased after BFR-RT (7.4±4.3%, p<.001) and HL-RT (4.6±2.9%, p=.007) with 
no differences between groups (p=.152). HL-RT increased MVIC (9.7±12.2%, p=.030) whereas no 
significant changes were observed after BFR-RT (5.2±12.9%, p=.28); no group interaction (p=.
416). Phosphorylation of p70S6KThr389 was elevated from baseline at 2-h (31-fold increase, p=.008) 
and 24-h (14.6-fold increase, p=.018) in HL-RT and elevated at 2-h (9.8-fold increase, p=.001) in 
BFR-RT, with no differences between groups (p=.826). Phosphorylation of rpS6Ser235/23 (p=.564) 
and 4E-BP1Thr37/46 (p=.474) was not different between HL-RT and BFR-RT at any time point. 
Phosphorylation of ERK1/2Thr202/Tyr204 increased from baseline at 24-h (65±53%, p=.009) in HL-RT 
and increased from baseline at 2-h (77±56%, p=.002) and 24-h (140±144%, p=.011) in BFR-RT, 
with no differences between groups (p=.563). 
Conclusion:  
Overall, these data support the application of BFR-RT to induce hypertrophic adaptations 
comparable to HL-RT. In addition, our data suggest that the key anabolic signalling proteins driving 
the hypertrophic responses from BFR-RT and HL-RT are activated following an exercise bout of 
either training modalities. This suggests that the activation of the mTORC1 pathway along with 
ERK1/2 to be important as a potential underlying signalling pathway of BFR-RT induced muscle 
hypertrophy. Consequently, BFR-RT could be used to reduce external mechanical loading while 
inducing a potent anabolic response proceeding to muscle hypertrophy.  
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mTOR - Mammalian target of rapamycin 

mTORC1 - Mammalian target of rapamycin complex 1 

mTORC2 - Mammalian target of rapamycin complex 2 

NIRS - Near infrared spectroscopy 

p70S6K - protein 70 ribosomal S6 kinase 

RFD - Rate of force development 
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1. Introduction to Blood Flow Restriction Exercise  
Since Dr. Sato pioneered the training modality of exercising with limited blood flow during the  

70’s in Japan, a multitude of experimental studies have proven its overall efficiency on several 

physiological and physical determinants (Araujo et al., 2015; Clarkson, Conway, & Warmington, 

2017; de Oliveira, Caputo, Corvino, & Denadai, 2016; Kim et al., 2017; Sato, 2005; Yasuda, Fujita, 

Ogasawara, Sato, & Abe, 2010). It was originally thought that a high load of mechanical resistance 

(>70% of 1RM) was needed to induce hypertrophic adaptations in the muscle. However, emerging 

evidence support the notion that a lower mechanical resistance (10-40% of 1RM) accompanied by 

blood flow restriction (BFR) has the potential to promote similar hypertrophic adaptations (Kim et 

al., 2017; Laurentino et al., 2012; Lixandrao et al., 2018; Vechin et al., 2015). Thus, BFR resistance 

training (BFR-RT) has been scientifically established as a training modality to induce significant 

skeletal muscle hypertrophy and augment force production capacity (Slysz, Stultz, & Burr, 2016). 

From a sports performance aspect, combining BFR with different training modalities has been 

demonstrated to increase running economy and time to exhaustion with running exercise (Paton, 

Addis, & Taylor, 2017); increase 100 m running-speed (Behringer, Behlau, Montag, McCourt, & 

Mester, 2017); enhance aerobic power (Abe et al., 2010); and maximal power output and delayed 

onset of blood lactate accumulation with cycling intervals (de Oliveira et al., 2016). Considering the 

several athletic benefits associated with the use of BFR exercise, it remains an engaging and 

contemporary research field for further scientific investigations. 

 In addition to the direct sports performance aspects related to BFR exercise, a broader health 

perspective and the use of BFR-RT in rehabilitation training should be considered. Since the quality 

and the quantity of the skeletal muscle mass is important to maintain healthy function and to carry 

out daily activities, the elderly population should participate in regular resistance training to 

countermeasure some of the atrophy and loss of strength accompanied by aging (Goodpaster et al., 

2006). However, some of the elderly population are frail and unable to perform traditional heavy 

resistance training using mechanical loads above 70% of maximum force capacity. Thus, BFR-RT 

seems to be an effective training method to induce similar strength and hypertrophy adaptations to 

the elderly population (Cook, LaRoche, Villa, Barile, & Manini, 2017; Vechin et al., 2015) while 

inducing a hypotensive effect to the same magnitude compared to traditional heavy resistance 

training (Neto et al., 2015). Considering the aspect of rehabilitation after different injuries, high 

mechanical loading are often bypassed, thus the resistance training for muscle hypertrophy and 

strength are compromised. However, BFR-RT has been demonstrated to be an efficient method for 

achilles tendon rupture rehabilitation (Yow, Tennent, Dowd, Loenneke, & Owens, 2018) and to 
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increase peak torque, power output and restore strength after extremity injuries (Hylden, Burns, 

Stinner, & Owens, 2015). Regarding the distinct advantages and useful scenarios of applied BFR-

RT, a further profound investigation will potentially shed light on the anabolic signalling and the 

cellular responses underpinning the observed increases in muscle hypertrophy. 
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2. Project Description  

This research project is a collaboration project between the Norwegian School of Sports Sciences 

and the University of Queensland, and serve as the preliminary study of the doctoral thesis to PhD 

student Charlie Davids: ‘The effects of low load blood flow restricted resistance training on 

functional, morphological and molecular responses in trained individuals’. Several investigators 

(Prof. Truls Raastad, master student Maria Moen and master student Tore Christian Næss) are 

included in the study with various research responsibilities. In this section (section 2), the author 

will briefly cover the entire project and give insight into the design of the study alongside a general 

overview of the BFR-study. In the following section (section 3), the author will review all the 

applied research methods and highlight his contribution and responsible methods from the BFR-

study. Further, the author will delve into his unique segment: ‘The underlying anabolic signalling of 

low load blood flow restriction induced skeletal muscle hypertrophy’, which will be the topic of his 

master thesis. In addition, a comprehensive theory chapter (section 4) is allocated to clarify the 

theoretical framework underpinning the author’s master thesis. Subsequently (section 5) will 

discuss some ethical considerations regarding the BFR-study, while section 6 highlights the possible 

benefits of this research project. Lastly, a scientific article is crafted based on some of the results 

from the BFR-study.  

2.1 Project Rationale 

There is a need to understand what processes occur within the skeletal muscle in the acute phase 

following BFR-RT, and whether these differ from traditional heavy-load resistance training (HL-

RT). Despite the shift from mechanical to a more metabolic stimulus that occurs with BFR-RT, 

there is some evidence to suggest a similar acute cellular signalling cascade is triggered following 

BFR-RT as is seen with HL-RT. Mammalian target of rapamycin (mTOR) is a key intracellular 

signalling protein that initiates the protein synthesis response that leads to the production of new 

contractile proteins, and ultimately induces muscle hypertrophy. Gundermann and colleagues 

(2014) have reported that the protein synthesis response is diminished when rapamycin (an mTOR 

inhibitor) is administered following BFR-RT, suggesting that, in a similar fashion to HL-RT, 

hypertrophy with BFR-RT is achieved via the mTOR pathway. Additional studies have also 

demonstrated that BFR-RT triggers similar processes for skeletal muscle remodelling (satellite cell 

proliferation) as traditional HL-RT (Fry et al., 2010; Fujita et al., 2007; Gundermann et al., 2014; 

Nielsen et al., 2012), as well as reducing proteolysis-related genes, and negative regulators of 

hypertrophy i.e. myostatin (Laurentino et al., 2012; Manini et al., 2011), despite the markedly 
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reduced levels of mechanical stress. However, none of these studies directly compared these 

responses to HL-RT. Therefore, while it appears that BFR-RT achieves muscle adaptations through 

similar cellular and molecular pathways as HL-RT, it is not clear if these pathways are activated to a 

similar extent, or if the magnitude of these responses are comparable to traditional HL-RT. A greater 

knowledge of these acute processes that occurs within the muscle would help shed light on the 

mechanistic underpinnings of BFR-RT. In addition to this, a deeper understanding of the acute 

processes would potentially explain and reinforce the findings of chronic studies comparing BFR-

RT and HL-RT, and help determine whether BFR-RT is an equally effective strategy to maximise 

muscular adaptations in the absence of high levels of mechanical stress.   

2.2 Aims and Hypotheses  

The aim of this study was to examine (1) the effects of blood flow restriction on the morphological, 

molecular and functional responses to low load resistance training compared to high load resistance 

training, and (2) the acute anabolic signalling following a single blood flow restriction exercise bout 

that drives the chronic adaptations seen with training, and whether these differ to a traditional heavy 

load resistance exercise session. The following null hypothesis and alternative hypothesis has been 

constructed for this master thesis, with a mechanistic paradigm in mind, and will trial the process of 

falsification through the hypothetic-deductive structure proposed by Karl Popper and Carl Hempel 

(Popper, 1952). 

 Null hypothesis: Blood flow restriction exercise will result in an equivalent anabolic 

stimulus acutely following exercise when compared to a high load resistance exercise without blood 

flow restriction, which will translate to similar gains in muscle mass and muscle strength following 

a chronic period of training. 

 Alternative hypothesis: Blood flow restriction exercise will result in a different anabolic 

stimulus acutely following exercise when compared to a high load resistance exercise without blood 

flow restriction, which will translate into dissimilar increase in muscle mass and muscle strength 

following a chronic period of training.  

2.3 Participants 

A total of 22 strength trained males and females (age 18-35) were recruited to participate in the 

study (table 1). Strength trained individuals were defined as completing 1-2 strength training 

sessions for the legs per week, during the last two years. Further, an equal gender distribution were 

selected for the purpose of gender sub-analysis, thus a possible indication of different responses 
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based on gender. Previous BFR-RT studies that incorporated muscle biopsies and employed similar 

experimental designs with 20-24 sessions of lower body exercise have been able to detect 

significant differences between two conditions with sample sizes of 8-10 participants in each 

condition (Ellefsen et al., 2015; Nielsen et al., 2012). Allowing for a typical dropout rate of 10%, a 

target of 22 participants were recruited (1 early drop-out due to a foot injury outside the BFR-study) 

to ensure sufficient statistical power. Participants were recruited via word of mouth, e-mailing 

students at the Norwegian School of Sports Science, social media, and recruitment posters. The 

experimental procedures and the risks were explained to the participants before they provided their 

written informed consent to take part in the study. Participants were further screened using the Adult 

Pre-Exercise Screening System (APSS) tool (Norton, 2012) and were considered eligible to 

participate if free from musculoskeletal or cardiovascular conditions. Female participants were also 

screened for contraceptives and their menstrual cycle (see attachment 6, for detailed description). 

 Inclusion criteria BFR-study: (1) frequent resistance training the last two years (1-2 strength 

training sessions for legs per week), (2) free from musculoskeletal or cardiovascular conditions, (3) 

men and females age 18-35, (4) no other injuries that may prevent heavy load resistance training.  

  Exclusion criteria BFR-study: (1) performed any additional lower body resistance exercises 

outside the training program, (2) did not perform the pre and post measures, (3) unable to provide 

written informed consent, (4) performed more than two endurance sessions per week.  

2.4 Experimental Design 

A number of morphological, molecular and performance measures were conducted over the space 

of 4 visits to gain baseline levels of muscle mass and muscle function. Subsequent to these baseline 
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Table 1. Subject characteristics, Mean ±  SD 

Variable BFR-RT (n = 11)        HL-RT (n = 10)

Sex (male/female) 5 males, 6 females 4 males, 6 females

Age (years) 24.3±3.2 24.2±3.1

Body Mass (kg) 75.8±10.2 76.6±12.7

DEXA Leg Lean Mass (g) 19.438±3.895 20.270±3.504

1RM Squat Strength (kg) 105±37 106±36

Isometric Peak Torque (Nm) 257±67 268±44

Training Status (years) 4.8±2.2 4.9±2.9

Abbreviations: Training status (years of frequent strength training)



measures, a total of 27 training sessions were performed over the course of nine weeks (three 

sessions per week). Following the completion of training, the same measures that were completed 

during baseline were repeated to evaluate increases in hypertrophy and muscle function from the 

training block. Subsequently to the training intervention and post-testing, another exercise bout was 

performed and served as the acute exercise session for the measurements of anabolic signalling 

responses and the cellular stress to a single bout of exercise with either BFR-RT or HL-RT. This 

final session was chosen in an effort to eliminate any exaggerated acute responses to unaccustomed 

exercise, as these often do not reflect the chronic changes seen after a period of training (Mitchell et 

al., 2014; Morton et al., 2016).  

2.5 Training-Program 

After completing the baseline visits (described detailed in section 3), participants were allocated to 

either (1): ~30% 1RM with blood flow restriction (12 cm cuff width) corresponding to a 60% 

arterial occlusion pressure (BFR-RT), or (2) 8-10RM loads with no blood flow restriction (HL-RT, 

table 2). Stratification was employed to ensure an equal group distribution based on gender, muscle 

size and muscle strength. Participants were supervised during the thrice-weekly lower body 

resistance training sessions. Sessions 1 and 3 consisted of barbell back squat, leg press, and leg 

extension while session 2 consisted of Bulgarian split squats and the leg extension exercise (Fig. 1). 

Participants allocated to the BFR-RT group performed 4 sets of each exercise comprising 30, 15, 

15, and 15 repetitions, respectively. A rest period of 45 seconds was allocated between sets. In the 

HL-RT condition, 4 sets of 8 reps for each exercise was performed, with 120 seconds of rest 

between sets. For both conditions, loads were adjusted to ensure that participants exercised to 

muscular failure. If the specified number of repetitions were completed before muscular failure was 

achieved, the exercise load would be increased for the subsequent session, gauged from a 

repetitions in reserve (RIR) rating. On the contrary, if the desired number of repetitions could not be 

completed, the load would be decreased in the following session. Such load manipulation was 

chosen due to the inherent need for low-load resistance exercise to be performed until muscular 

failure in order to maximise the hypertrophic response to training (Fahs et al., 2015; Farup et al., 

2015). Sets would also be performed until momentary muscular failure in the HL-RT condition i.e. 

8-RM loads as opposed to ~80% of 1RM, to avoid confounding the criteria for set termination. For 

both conditions, 3 minutes rest was allocated between exercises. Prior to the exercise bout, a 

standardised warm-up containing 5 min of either bicycling, jogging or rowing, followed by 5 min of 

calisthenic exercises including: self selected dynamic stretches, dynamic warm-up drills and 
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bodyweight exercises, subjects performed 2 sets of the first exercise to gradually increase load. 

Training was performed on non-consecutive days to allow adequate recovery between sessions. A 

deload week in week 5 was incorporated for both conditions, for the purpose of promoting recovery. 

Training would still occur in this week, however, the number of sets performed for each exercise 

was reduced by 1. In addition, the third session of the deload week was changed with a mid-test for 

the 1RM squat and the MVC of the knee extensors.  

2.6 Project Timeline  

The recruitment of participants started in mid-August, while the baseline visits were conducted 

during the following weeks. The training intervention lasted from September to mid-November 
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Table 2. Resistance training program - exercises, sets, reps, and rest intervals for each weekly session for HL-
RT and LL-BFR groups.

Condition Session One and Three Session Two

High Load resistance 
training (8-10RM, 
120 sec inter-set rest) 

Barbell Squat: 4 sets of 8 reps Bulgarian Split Squats: 4 sets of 8 
reps (each leg)

Leg Press: 4 sets of 8 reps Leg Extension: 4 sets of 8 reps

Leg Extension: 4 sets of 8 reps

Low Load BFR 
(~30% 1RM, 45 sec 
inter-set rest)  

Barbell Squat: 1 set of 30 reps, 3 sets of 15 reps Bulgarian Split Squats: 4 sets of 15 
reps (each leg)

Leg Press: 1 set of 30 reps, 3 sets of 15 reps Leg Extension: 1 set of 30 reps, 3 
sets of 15 reps

Leg Extension: 1 set of 30 reps, 3 sets of 15 reps



(Fig. 2). Further, the post-testing was conducted late-November followed by the postliminary acute 

study in early-December.  

 

2.7 Acute Study Timeline  

After all post-testing was conducted, 3 consecutive days were selected for the acute study (Fig. 3). 

First, a standardised meal containing oatmeal (1.4 g of oatmeal/kg bodyweight) and water were 

consumed by the participants. This was chosen due to its relative low protein content to minimise 

the influence of a protein intake regarding the acute anabolic signalling, and that the protein dose 

were standardised between subjects (0.16 g protein/kg bodyweight). Two hours following the meal, 

the first test session was performed comprising of: muscle biopsy sampling, blood sampling, thigh 

girth measurements, perceived muscle soreness, countermovement jumps and MVC knee extension 

(methods are described detailed in chapter 3). Subsequent to the test session, subjects performed an 

exercise bout in a similar fashion to the last training session of the training block. Subjects were 

accordingly accustomed to either blood flow restriction exercise or heavy resistance exercise. Loads 

corresponded to the maximum load that could be lifted within the ramification of each distinct 

exercise protocol. Immediately following the exercise session (lasting approximately 40 min), a 

protein shake (0.4 g whey/kg bodyweight, corresponding to 0.28 g protein/kg bodyweight) was 

ingested followed by a second test session identical to the one above, except for the muscle and 
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blood sampling. Two hours post exercise, a third test session was performed with all the tests. 

During the two consecutive days, another test session was performed at post 24-hours, and post 48-

hours after exercise.  

2.8 Stratification  

Following the completion of all baseline measurements, subjects were allocated to either the BFR-

RT group or the HL-RT group in a manner of stratification. Three main variables: 1RM squat 

strength, female/male gender, and the quantity of lean mass in the legs (DEXA), were chosen for 

the stratification. The mean and standard deviation value of the 1RM squat strength in the BFR-RT 

group (105±37kg) was similar to the high load condition (106±36kg). While the lean leg mass of 

the BFR-RT group (19.5±3.9kg) was comparable to the traditional strength training group 

(20.2±3.5kg). These three variables were selected in an effort to eliminate the possible confounder 

of training effects from uneven group distributions.  
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3. Material and Methods 

The following section will review the different methodological considerations and the several 

research methods applied in this study. All of the measurements performed during the baseline 

visits, with the exception of the ultrasound to determine arterial occlusion pressure, were repeated to 

assess the changes in muscle mass and muscle function following the training block. The muscle 

mass assessments were repeated after a minimum of 5 days following the final session to avoid 

mistaking the acute swelling responses as increased contractile hypertrophy. Measures of muscle 

function were repeated after approximately 5 and 7 days following the final training session to 

allow full recovery of muscle strength and endurance capacity, and to assess any delayed adaptive 

responses to training (Nielsen et al., 2017). 

3.1 Body Composition and Muscle Mass 

Dual-Energy X-ray Absorptiometry (DEXA) and magnetic resonance imaging (MRI) were 

conducted before and after the nine week training intervention. The DEXA (Lunar iDXA, GE 

Healthcare, Buckinghamshire, United Kingdom) was used to assess the total body composition of 

the subjects. Participants were scanned in the morning in a fasted state, avoiding exercise in the 12-

hours prior to the test, and were asked to void their bladder immediately prior to the scan to enhance 

the reproducibility of results. Further, the participants were asked to remove all clothing and 

jewellery containing metal (zippers, rings, bracelets etc.). Immediately before the scan, the subjects 

height and weight were measured on a stadiometer (Seca 217, Seca gmbh & co. kg., Hamburg, 

Germany) and enrolled in the DEXA software. Following, the participants were asked to sit in the 

middle of the scanning table while the investigator guided the subject to lay supine inside the 

borderline of the table, and instructed them to position the arms away from the body with the 

thumbs turning upward. Support bands were then placed around the subjects knees and ankles and 

the investigator told the participants to lay motionless for the duration of the DEXA scan (7 minutes 

and 16 seconds). Total body scan mode was selected and all scans were analysed with enCORE 

Sofware, Version 14.10.022 (GE Healthcare, Buckinghamshire, United Kingdom). During the data 

analysis, segmental borderlines were manually selected to separate the legs from the hips to 

quantify lean leg mass. Zona orbicularis was chosen as the cut-off borderline, and all pre and post 

images were matched to ensure equal segmental distribution before analysing the results.      

Researcher Mr. Tore Christian Næss was responsible for performing the DEXA scans and the data 

analysis of all subjects.  
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 Transmission of X-rays through the body to measure bone mineral density has sustained a 

niche following the approval by the Food and Drug administration for clinical use in 1988 (Krugh 

& Langaker, 2018). The two-dimensional imaging technique relies on two different energy levels, 

thus the images can be divided into two compartments; Bone and soft tissue (Borga et al., 2018). In 

later years, the DEXA has been demonstrated as an effective method to measure total and regional 

distributions of lean body mass and fat mass, with statistical significant findings regarding the 

reliability and the validity of its use in several investigations (Chen et al., 2007; Hind, Oldroyd, & 

Truscott, 2011; Kohrt, 1998; Salamone et al., 2000; Smith-Ryan et al., 2017). Based on the existing 

literature of experimental studies investigating the efficiency and the accuracy of the DEXA scan, 

its application in research scenarios is widely accepted in the sport science discipline.  

 In addition to the DEXA scan, muscle cross-sectional area (CSA) and quadriceps volume 

were determined using magnetic resonance imaging (MRI) to provide a local measure of muscle 

mass. The MRI is currently viewed as the gold standard to quantify muscle mass and changes in 

local CSA (Delmonico, Kostek, Johns, Hurley, & Conway, 2008). The dominant leg was selected 

for the analysis. All participants underwent the MRI at a private radiology centre (Aleris Røntgen 

Oslo City, Norway). The coordination management of participants was allocated to researcher Ms. 

Maria Moen, while Aleris Røntgen helped out with a certified radiograph to conduct the MRI 

investigations. To provide a valid record of the CSA, the individual length of the femur bone was 

recorded for each participant. Transverse section images were captured of the dominant leg (GE 

Signa 1.5 Tesla Echospeed, GEMedical Systems, Madison, WI, USA) before and after the training 

period. The images [Digital Imaging and Communications in Medicine (DICOM)] were analysed 

using ITK-SNAP software (University of PA, Philadelphia, USA; www.itksnap.org). A total of 10 

DICOM images were used to derive the CSA of the quadricep muscles along the dominant thigh. 

The CSA values from each of the 10 locations were combined to provide a total quadriceps CSA. 

The CV of these assessments was <2%. Charlie Davids was responsible for the data analysis of 

CSA from the MRI.  

3.2 Blood Sampling 

Subsequently to the DEXA scan in a fasted state, blood sampling was performed. Blood 

samples were collected (5 ml EDTA) by Mr. Charlie Davids at both pre- and post-conditions 

of the participants. In addition, blood samples were taken at four time points during the final 

acute study. Blood samples were further processed by Mr. Tore Christian Næss and Mr. 

Charlie Davids with the following procedure: centrifuged at 10 000G for the duration of 10 
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minutes in a temperature of 4ºC, pipetting two labelled epindorf tubes with 500 µg serum 

and then stored in a freezer at -70ºC. Blood samples would be analysed for acute anabolic 

hormones (testosterone and growth hormone) and myoglobin as a biomarker of muscle 

damage. 

3.3 Functional Outcome Measures  

Lower body strength and power performance were evaluated with the following tests, in the 

respective order, during a single session lasting approximately 90 min. All participants completed a 

familiarisation of the tests prior to the first test session. Subjects were instructed to not perform any 

vigorous exercise the day before the test session. Further, the investigators leading the test sessions 

(Ms. Maria Moen, Mr. Tore Christian Næss and Mr. Charlie Davids) noted the use of weightlifting-

belts, shoes, music and other confounding variables that could affect the testing session. E.g. if the 

participant wanted to apply the use of weightlifting-shoes during the 1RM squat session, he/she 

could do so, however, the same equipment was used during the post test. Verbal encouragement was 

provided to all participants during the testing sessions to exert maximal effort in an attempt to 

reduce possible bias.  

3.3.1 Countermovement Jump & Squat Jump 

After a standardised warm-up containing 5 min of bicycling (Monark 839 Ergomedic, Vansbro, 

Sweden) and 5 min of calisthenic exercises including: self selected dynamic stretches, dynamic 

warm-up drills and bodyweight exercises, subjects performed 2 sets of 3 sub maximal 

countermovement jumps (hands held at the hips, performed with a fast eccentric motion before the 

concentric jump) at 60 and 80% effort, respectively. Using a force platform (HUR Labs, Tampere, 

Finland), participants performed 3 maximal countermovement jumps with a 30 second rest between 

each jump. Following the countermovement jumps, the squat jump technique (hands held at the 

hips, after the eccentric motion lowering the centre of mass, a two-second isometric position was 

held before the concentric ascend) was instructed to the participants, and 2 sets of 3 sub maximal 

squat jumps at 60 and 80%, respectively were performed. Subsequent to the warm-up jumps, 3 

maximal squat jumps with a 30 second rest between each jump were performed. The best jump 

identified as the one producing the highest vertical displacement of the centre of mass was selected 

for each of the two jumping techniques. Additional characteristics such as rate of force 

development, peak power, acceleration, displacement and velocity were calculated and analysed by 

Charlie Davids, and will be used in his thesis.  
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3.3.2 One-Repetition Maximum 

Barbell back squat one-repetition maximum (1RM) was performed to serve as a measure of baseline 

strength, but also for the determination of subsequent training loads during the study. Several warm 

up sets were performed, gradually increasing in load and decreasing in repetitions, i.e: 10-6-3-1 

repetitions with adequate but self-selected rest in between. Following the warm-up, single 

repetitions were performed, with 3 minutes of rest in between, until an attempt was deemed 

unsuccessful. Failing to complete the concentric (raising) portion of the movement or not achieving 

the specified range of motion (femur approximately horizontal to the ground) were deemed as an 

unsuccessful attempt. The highest load that was successfully completed was recorded as the 1RM-

score. Investigators recorded the individual rack heights and safety heights during the 

familiarisation, so the testing sessions were equivalent during the pre- and post-test.  

3.3.3 Maximal Voluntary Isometric Contraction 

Following the 1RM back squat, the maximal voluntary isometric contraction (MVC) strength of the 

knee extensors and the knee flexors of the dominant leg was assessed in an isokinetic dynamometer 

(CSMI Humac Norm Model 770, USA). Participants were seated upright with a chair angle of 85 

degrees, the back of the knees positioned at the edge of the seat with their dominant leg strapped to 

the lever arm of the machine. The lever arm was fixed at an angle corresponding to 70 degrees of 

knee flexion (full knee extension defined as 0 degrees of flexion). The axis of rotation of the 

dynamometer lever arm was visually aligned to the lateral femoral condyle. Prior to the individual 

chair adjustments that was recorded, femur length and the position (distal and lateral) of the near 

infrared spectroscopy (NIRS) equipment was recorded. Identical pre- to post training positioning of 

the seat and dynamometer lever arm was employed for each subject. Following three warm-up sub-

maximal voluntary contractions of the knee extensors, participants performed 3 x 3-second maximal 

voluntary contractions, each separated by 90 seconds of rest. The same procedure was repeated with 

the knee flexors. The participants were instructed to apply force as rapid and hard as possible for the 

entire 3 seconds. The maximum torque value generated out of the three isometric contractions was 

recorded as the MVC, and rate of torque development was calculated over the initial 250 ms of that 

contraction (Humac extremity software). Data analysis was performed by Charlie Davids. 

 In contrast to the 1RM test where the achievement relies upon a larger set of determinants, 

including a high demand of the technical execution of the movement, the Humac offers a more 

controlled and isolated form of strength testing. The method is demonstrated to provide a high 

intrarater reliability (Habets, Staal, Tijssen, & van Cingel, 2018) and inter-reliability score (de 
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Araujo Ribeiro Alvares et al., 2015), hence a commonly used method to assess changes directly in 

muscle strength while reducing possible confounders such as: Learning effects, coordination, 

stability, etc.  

3.3.4 Isokinetic Knee Extensor Endurance Task 

After sufficient rest (approximately 5-10 minutes), participants completed an isokinetic knee 

extensor endurance task (Cybex Humac Norm Model 770, USA). The task consisted of 50 x 

sequential isokinetic knee extension contractions at a rate of 90 degrees per second. Knee flexion 

speed was set at 300 degrees per second, to allow a natural passive flexion to occur. Participants 

were instructed to kick out against the lever arm as rapidly and as fast as possible during each of the 

contractions, and were asked not to attempt to pace themselves over the 50 repetitions. Subjects 

were provided visual feedback of the magnitude of force from the torque monitor in an attempt to 

encourage them to reach maximum force for each contraction, and to make the best effort in an 

attempt to maintain the force during each contraction. The decrement in torque following the 50 

contractions was recorded as the fatigue index, and the accumulation of torque produced with each 

contraction was recorded as the total work capacity. 

3.4 Tissue Oxygenation 

During the isometric/isokinetic tasks, contraction-induced changes in the oxygenation of skeletal 

muscle was assessed via NIRS. This has previously been demonstrated to be both reliable and valid 

for the measurement of the skeletal muscle oxidative metabolism (Ferrari, Muthalib, & Quaresima, 

2011). Prior to the measure, the NIRS device was placed on the distal portion of the m. vastus 

lateralis of the dominant leg and secured in place. The portable NIRS device emits light from three 

optodes between wavelengths of 760 to 850 nm. Oxyhaemoglobin (O2Hb) and deoxyhaemoglobin 

(HHb) absorb light at different wavelengths, therefore by emitting light at different wavelengths and 

calculating the absorption and refraction ratios of the light, this produces relative changes of 

haemoglobin concentrations within the capillaries of the skeletal muscle. To avoid interference of 

ambient light on the light emitted from the NIRS optodes, a black cloth was secured over the NIRS 

device. Based on the NIRS data acquired from the testing during familiarisation, the lighting in the 

room influenced the haemoglobin detection. Therefore, during the pre- and post-testing, light was 

turned off. Further, data from the NIRS probe were recorded continuously online at 10Hz for later 

analysis. Analysis of NIRS data was performed with the Oxysoft V.3.0.53 software (Artinis Medical 

Systems, Netherlands) which uses the modified Lambert Law to correct for the scattering of light 

within tissue. Using the relative concentrations of both oxy- and deoxy-haemoglobin, other 
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measures can be derived by the software, such as total haemoglobin (tHb) (tHb = O2Hb + HHb) 

and tissue saturation index (TSI) (TSI = [O2Hb / tHb] x 100), which provide an indication of the 

volume of blood within the skeletal muscle, and the skeletal muscle oxygen saturation, respectively. 

Researcher Mr. Charlie Davids was responsible for the acquisition and analysis of the NIRS data.   

3.5 Determining the Occlusion Pressure 

Subsequently to the baseline visits, participants that were allocated to the BFR-RT had their 

individual BFR cuff pressure determined using a Doppler ultrasound (table 3). Following 10 

minutes of seated rest, the same BFR cuff that was used in the training intervention was positioned 

on the proximal thigh of the dominant leg. The pulse and blood flow at the posterior tibial artery 

was then detected using a hand-held Doppler probe. Both auditory and visual information from the 

ultrasound were used to determine if the pulse was present. Once the pulse was detected, the cuff 

was inflated to 100 mmHg for 30 seconds. Next, the cuff pressure was increased incrementally by 

40 mmHg until the arterial flow was no longer detected. Pressure was then decreased in 10 mmHg 

increments until arterial flow returned, the least amount of pressure needed for total arterial 

occlusion was selected as the 100% occlusion pressure. Following the first trial, a second attempt 

was performed to check the reliability of the occlusion pressure measurement. Investigator Mr. 

Charlie Davids had the key responsibility of the individual occlusion pressure assessment, while 

investigator Mr. Tore Christian Næss assisted.  

3.6 Muscle Biopsy 

Muscle biopsies were collected prior and after the training block from the m. vastus lateralis to 

evaluate changes in muscle fiber cross-sectional area, fiber type distribution and anabolic signalling. 

Muscle tissue was sampled under local anesthetic from the participants’ dominant leg before the 

first training session and after the last training session (approximately 7-10 days of recovery after 

the last exercise bout and approximately 3-5 days after the last test session). Further, 3 more muscle 

biopsies (0, 24 and 48-h) were collected after an acute resistance exercise session (28th), to study the 

phosphorylation of key intramuscular signalling proteins and important heat shock proteins, thus a 

total of 5 samples were collected from each participant. A certified and competent researcher 
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Table 3. Maximum and relative occlusion pressure.

Maximum AOP (mmHg): Mean ± SD (min-max) 60% AOP (mmHg): Mean ± SD (min-max)

180±23 (150-240) 108±14 (90-144)

Abbreviations: mmHg; millimeter of mercury



(professor Truls Raastad) with several years of experience in biopsy sampling was in charge of this 

procedure. The targeted area of the biopsy was first disinfected by chlorhexidine followed by local 

anesthesia (Xylocaine adrenaline, 10mg·ml−1+5µg·ml−1, AstraZeneca, London, UK). Subsequently, 

a 1-2 cm wide cut and 1.5-2.2 cm deep section into the skin and muscle fascia was conducted with a 

scalpel. A 6 mm Bergström biopsy needle (Pelomi, Alberslund, Denmark) was inserted through the 

section, where 1-3 muscle samples were taken (approximately 150 mg in total). A vacuum tube 

needle was attached to the biopsy needle to pull the muscle tissue into the needle. Following the 

procedure, the section was closed with strips and the muscle sample was cleaned for connective 

tissue, adipose tissue and blood. Further, the cleansed samples were stored in eppendorf tubes and 

directly stored in a -70°C freezer. Participants were given wound care advice (see attachment 12) 

and were closely followed up during the subsequent training sessions.    

3.7 Western Blotting  

Western blotting was used to analyse muscle tissue for phosphorylation and total protein 

content of the following proteins associated with skeletal muscle hypertrophy:  p-70S6kinase 

(protein 70 ribosomal S6 kinase), 4E-BP1 (Eukaryotic translation initiation factor 4 

element-binding protein 1), ERK1/2 (Extracellular signal-regulated kinase 1/2) and rpS6 

(Ribosomal protein S6). Investigator Mr. Tore Christian Næss was responsible for the 

analysis, which was conducted in the 

muscle laboratory at the Norwegian School 

of Sports Sciences. In western blotting, the 

proteins are separated based on their 

molecular weight through a process of gel 

electrophoresis. Further, the proteins are 

transferred to a membrane, producing a 

band for each distinct protein (Fig. 4), 

which are incubated with the specific 

antibodies to the protein of interest 

(Mahmood & Yang, 2012). The unbound 

antibody is then washed off, leaving the 

attached antibody to the specific protein of 

interest. At last, the chosen antibody binds  

to the specific protein. The thickness of the 
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bands resemble the quantity of protein present, thus a protein standard can indicate the 

quantity of proteins located to the band. Figure 4 is added to illustrate the end results by 

western blotting achieved from the BFR-study.    

3.7.1 Homogenisation  

The muscle biopsy samples were stored in a minus 80ºC freezer until they were 

homogenised. Approximately 50 mg of muscle tissue was homogenised in a solution of 1 ml 

T-PER (Tissue Protein Extraction Reagent, Thermo scientific, Rockford, IL, USA) and 20 µl 

EDTA (Ethylene Diamine Triacetic Acid, Thermo scientific, Rockford, IL, USA). For 

samples that were either above or below the threshold of 50 mg muscle tissue, the solution 

was adjusted thereafter. Each muscle sample was homogenised for the duration of 3-5 

seconds, followed by another 3-5 seconds, or until no intact tissue was seen. Succeeding, the 

samples were shuddered in a refrigerator for 30 minutes and then centrifuged at 10 000G for 

the duration of 10 minutes at a temperature of 4ºC. The supernatant of each sample was 

transferred to 1.5 ml eppendorf tubes, before they were centrifuged one additional time with 

the same settings as above. After the second centrifugation, the supernatant was pipetted 

into a new eppendorf tube of 1.5 ml and further divided into 25 µl aliquots added to 10 x 0.2 

ml eppendorf tubes. The final eppendorf tubes of 25 µl muscle sample solution were then 

stored in a minus 70ºC freezer. 

3.7.2 Total Protein Content 

Samples were first evaluated for the total concentration of protein by using the RC/DC 

Protein Assay kit from BioRad (Herkules, CA, USA). As a known standard protein 

concentration, the bovine gamma globulin was selected with a spectrum of 0.125; 0.25; 0.5; 

1; 1.5 µg·ml−1. Samples were diluted in a 1:4 ratio with dH2O, in such manner that the 

protein concentrations should be within the area defined by the standard protein 

concentration. In 96-well microplates (Greiner Bio-one International AG, Kremsmünster, 

Germany), the samples were pipetted in triplicates of 5 µl in each well. Following the 

pipetting of samples and the protein standard, a 25 µl reagent A*S (alkaline copper tartrate 

solution, Bio-Rad Laboratories Inc., USA) and a 200 µl reagent B (diluted folin reagent) 

were added into each well with a multichannel pipette. The 96-well microplates were then 

kept in a dark environment for the duration of 15 minutes, subsequently, the plate was 

analysed by ASYS Expert 96 from Biochrom (Cambridge, UK). The protein concentrations 

(CV<10%) were then calculated from the KIM Immunochemical Processing Software 32. 
�24



Investigator Mr. Tore Christian Næss had the key responsibility of the analysis of the total 

protein concentration.  

3.7.3 Western Blotting Procedure  

Muscle tissue samples were diluted in dH2O and added a sample reducing agent (10x, 

NuPAGE, NP0009, Invitrogen) and a LDS sample buffer (4x, NuPAGE, NP0007, 

Invitrogen) in relation to the specific protein concentration of that sample (protein 

concentration of 15 µg) . Following, the samples were heated to reach 70ºC for the duration 

of 10 minutes before they were pipetted into a 10-well gel (NuPAGE 4-12% Bis-This Gel, 

10 well, NP0321BOX, Invtrogen). A 5 µl weight marker (Protein Ladder PS 11, cat#310005, 

GeneOn., Germany) was pipetted into the first and last well of each specific gel. Further, a 

30 µl solution of each sample were pipetted into the rest of the eight wells, with a duplicate 

of every participant on the same gel. Electrophoresis (SDS-PAGE electrophoresis) were 

conducted with chambers (Novex Mini-Cell, XCell SureLock, Invtrogen) at 200 Volt with a 

duration of 45 minutes using a running buffer: 100 ml  MES/MOPS SDS running buffer 

(20x NuPAGE, NP0002, Invitrogen) and 1900 ml dH2O. Subsequently, the samples were 

transferred to a polyvinylidene difluoride (PVDF) membrane (Immuno-blot, Cat.#1620177, 

Bio-Rad). Prior to the blotting stage, the membranes where activated with methanol (Merck 

KgaA, 1.06007.2500), dH2O and a transfer buffer: 50 ml transfer buffer (NuPage, NP0005, 

Invitrogen), 100 ml methanol, 850 ml dH2O and 1 ml antioxidant (NuPAGE, NP0005, 

Invitrogen). Membranes were further blocked for 2-hours at room temperature in 5% fat-free 

skimmed milk (Skimmed milk powder Merck KGaA, Germany), and a 0.05% TBS-t solution 

(Tris-buffered saline 10x TBS, cat#1706435, Bio-Rad and Tween 20 VWR International, 

Radnor, Pa, USA) and incubated over night at 4ºC with primary antibodies (table 4), 

followed by incubation with the specific secondary antibodies for 1-hour at room 

temperature. Membranes were washed in the 0.05% TBS-t solution between stages and 

protein stripping was performed by using Restore Western Blot Stripping Buffer (Pierce 

Biotechnology, Rockford, IL, USA) for 10 minutes. The membranes were finally incubated 

for the duration of 5 minutes of a 1:1 solution of a luminol enhancer solution (cat#1859024) 

and stable peroxide buffer (cat#1859025) immediately before the imaging was conducted 

with ChemiDoc MP Imaging system, and further analysed with Image Lab Software (Bio-

Rad Laboratories, Hercules, CA, USA). All samples from each participant were always 

loaded on the same gel, and band intensity comparisons were only done within each blot. 
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For the detailed procedure regarding the western blotting protocol used in this study, see 

section; List of attachments 10.  

3.8 Immunohistochemistry  

Immunohistochemistry was used to  analyse the myonuclei concentration a n d  satellite 

cells in the muscle samples. Further, the technique was applied to distinguish the type I and 

type II fibers a part, quantifying the corresponding numbers and size of fibers. Researcher 

Ms. Maria Moen was accountable for the immunohistochemistry analysis for the BFR-study 

and the results will be used in her master thesis. 

3.9 Thigh Girth Measurement 

During the postliminary acute study, segmental leg limb volume were quantified using        

the formula to calculate the volume of a truncated cone using girth and height: Vol = h/12π x 

(c12 + c22 + (c1) (c2)) (Katch & Katch, 1974). A measurement band was used to assess the 

girth of the gluteal furrow (c1), directly above the knee (c2) and the distance between the 

two points (h). Thigh volume was evaluated at five time points during the acute study; pre-, 

post-, 2-h post-, 24-h post- and 48-h post-exercise, to evaluate the acute muscle swelling 

effects of BFR-RT and HL-RT. Subjects were asked to stand with their centre of mass above 

the dominant leg, while the measured leg was in a relaxed position, positioned at a 20 cm 

box. All segmental measurements were conducted by Mr. Tore Christian Næss to reduce 

possible measurement bias.  
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Table 4. Primary- and secondary antibodies used in immunoblotting.

Antibody Producer Host Ratio Cat.nr

Total-p70S6 Kinase (49D7) Cell Signaling Rabbit 1:1000 #2708

Phospho-p70S6 Kinase (Thr389) (108D2) Cell Signaling Rabbit 1:1000 #9234

Total-p44/42 MAPK (ERK1/2) Cell Signaling Rabbit 1:1000 #9102

Phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) Cell Signaling Rabbit 1:1000 #9101

Total-S6 Ribosomal Protein (5G10) Cell Signaling Rabbit 1:1000 #2217

Phospho-S6 Ribosomal Protein (Ser235/236) Cell Signaling Rabbit 1:1000 #2211

Total-4E-BP1 Antibody Cell Signaling Rabbit 1:1000 #9452

Phospho-4E-BP1 (Thr37/46)(236B4) Cell Signaling Rabbit 1:1000 #2855

Anti-rabbit IgG, HRP-linked Antibody Cell Signaling Goat 1:3000 #7074



3.10 Perceived Muscle Soreness  

Previous to the girth measure and functional tests conducted in the acute study, subjects 

were told to rate their perceived muscle soreness from their legs. They were first asked to 

rate the subjective muscle soreness in both of their thighs in a standing position from a 0-10 

scale. An A4 paper sheet with representative icons (smileys representing different humanoid 

faces ranging from sad to smiling) corresponding to the numeric values of the test were 

placed on the wall in front of the subjects to aid the decision making. Participants were also 

told to try evaluate the muscle soreness without considering the influence of the muscle 

biopsy, which they had taken prior to this assessment. Following the perceived muscle 

soreness in a standing position, subjects were instructed to perform a few repetitions of the 

squat and further rate the perceived thigh muscle soreness. Thus, two numeric values were 

recorded for each subject regarding the perceived muscle soreness. Researcher Mr. Tore 

Christian Næss governed the test during the acute study and ensured that all participants 

were asked the same question and given the same information stated above.   

3.11 Statistical Analysis  

All data were tested for Gaussian distribution using the Shapiro-Wilk normal i ty  t e s t . A two-

way repeated measures ANOVA was used to assess the interaction of groups and time-point 

effects of phosphorylation status. Log transformation (base 10) was used to make 

phosphorylation data less skewed. Paired t-tests were used to assess pre and post changes of 

muscle function and muscle hypertrophy, while unpaired t-tests were used to evaluate the 

differences between groups. Data are presented as mean±standard deviation. The level of 

significance for all statistical analyses was set to p < 0.05 and data were analysed and 

graphically presented using Prism 8 (San Diego, CA, USA, https://www.graphpad.com). 
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4. Theory 

The following chapter is allocated to the theoretical framework undermining this master thesis. A 

thorough review of BFR-RT, muscle hypertrophy and the cellular and molecular components 

underlying this physiological adaptation will be investigated. Further, a brief inquiry regarding the 

literature of the acute responses of a single bout of exercise driving the anabolic signalling 

responses involved with the two different training modalities (BFR-RT vs. HL-RT) will be 

explored.  

4.1 Blood Flow Restriction Resistance Training  

An abundant amount of manipulations and alterations can be rendered to create a BFR-RT protocol 

to induce hypertrophy. The main determinants that underpin these adaptations in regard to the BFR-

RT protocol is: training load, exercise volume, applied limb pressure, continuously/intermittent 

occlusion, cuff size, inter-set recovery and whether taking the set to failure, or the use of a 

predefined sub-maximal amount of repetitions. Among the BFR-literature reviewed in the meta-

analysis of Lixandrao and colleagues (2018), mounting evidence support the effectiveness of 

several BFR-RT protocols to induce muscular hypertrophy. For instance, Martin-Hernandez and 

colleagues (2013) used 30-15-15-15 reps with 20% of 1RM using continuously blood flow 

restriction with an absolute pressure at 110 mmHg with a 140 mm cuff, while Clark and colleagues 

(2011) used 3 sets to concentric failure with 30% of 1RM using continuously blood flow restriction 

inflated to 130% above the resting brachial systolic blood pressure with a 60 mm cuff. These studies 

demonstrated different alterations regarding important factors underpinning the stimulus to the 

muscle, hence the muscular adaptations of several training sessions performed consequently. Table 

5 summaries a wide variety of different resistance training protocols frequently used in the BFR-

literature reviewed by the author. In the subsequent section, two of the main determinants driving 

the hypertrophy from the BFR-RT protocol are highlighted.  

4.1.1 Pressure 

A distinctive feature of blood flow restriction is determining the degree of pressure applied to the 

extremity. Pressure could be measured with a sphygmomanometer consisting of an inflatable cuff 

and a measuring unit, i.e. a mercury manometer. An absolute pressure in X mmHg could then be 

applied to the limb, used in several investigations seen from table 5. The range of absolute pressure 

among these investigations vary greatly, 40-200 mmHg, in other terms, the largest value of pressure 

applied is five fold the lowest pressure. This can have direct implications of the magnitude and the 

variations of the stimulus induced by the resistance training of different subjects and increase the 
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risk for some subjects to be placed under complete arterial occlusion (Dankel, Buckner, et al., 

2017). It is speculated that the quantity of pressure follows a dose responsive manner as the 

hormesis curve (Loenneke, Thiebaud, Abe, & Bemben, 2014). If so, an optimal pressure gradient 

will inhibit venous blood flow while reducing the arterial inflow of blood, thus a blood pooling will 

be evident in the muscle tissue (Iida et al., 2007).  

 Another way to assess limb pressure while minimising the potential errors associated with 

an absolute value of X mmHg, is to apply the pressure relative to the arterial occlusion pressure. 

AOP is often defined as the least amount of pressure required for a complete reduction in arterial 
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Table 5. A summary of BFR-resistance training studies showing the discrepancies in several important 
determinants underpinning the applied stimulus of a BFR-training session.

Study Cuff width (cm) Pressure Training load (%1RM) Volume (set x rep)

Barnett et al., 2016 unknown 40% AOP 30 30,15,15,15

Clark et al., 2011 6 130% resting SBP 30 3 x failure

Cook et al., 2017 6 150% resting SBP 30 3 x failure

Dankel et al., 2017 3 160 mmHg unknown 4 x failure

Dankel et al., 2017 5 40% AOP unknown 4 x failure

Drummond et al., 2008 unknown 200 mmHg 20 30,15,15,15

Ferguson et al., 2018 13 110 mmHg 20 30,15,15, failure

Freitas et al., 2017 5 160 mmHg 20 30,15,15,15

Fry et al., 2010 unknown 200 mmHg 20 30,15,15,15

Iversen et al., 2010 14 100 mmHg unknown 30,15,15,15,15

Jessee et al., 2018 5 40% AOP 30 and 50 4 x failure

Laurentino et al., 2012 17.5 80% AOP 20 3 x 15

Laurentino et al., 2016 5 and 10 80% AOP 20 3 x 15

Lixandrao et al., 2015 unknown 40% and 80% 20 and 40 2-3 x 15

Loenneke et al., 2015 5 40%, 50% and 60% 20 and 30 30,15,15,15

Madarame et al., 2008 4 160 mmHg 30 30,15,15

Manini et al., 2012 11 150% resting SBP 20 4 x failure

Martin-Hernandez et al., 2013 14 110 mmHg 20 30,15,15,15

Neto et al., 2015 6 and 10 80% AOP 20 30,15,15,15

Nielsen et al., 2017 13.5 100 mmHg 20 4 x failure

Sousa et al., 2017 18 80% AOP 30 4 x failure

Souza et al., 2018 18 50% AOP 20 30,15,15,15

Suga et al., 2009 18.5 130% resting SBP 20 2 x 30 

Vechin et al., 2015 18 50% AOP 20 30,15,15,15

Wernbom et al., 2013 13.5 90-100 mmHg 30 5 x failure

Yow et al., 2018 14 80% AOP 30 30,15,15,15

Abbreviations: mmHg; millimeter of mercury, AOP; arterial occlusion pressure, SBP; systolic blood pressure



blood flow, which could be measured with the use of ultrasound. Several blood flow restriction 

investigations have used this method to assess relative pressure for their test-subjects (table 5). The 

range of relative pressure across these investigations cover 40-90% of AOP. 

 A study conducted by Lixandrão and colleagues (2015) was carried out to explore muscle 

hypertrophy and strength comparing 40 and 80% of AOP in response to 12 weeks of resistance 

training with blood flow restriction using two different training intensities of 20 and 40% of 1RM. 

Regarding muscle mass, increasing pressure from 40 to 80% when training with 20% of 1RM, 

resulted in an increase in muscle mass by 2.44%. However, when exercising at 40% of 1RM, a 

larger pressure did not result in any meaningful improvements in either strength or hypertrophy 

(Lixandrao et al., 2015). These results are reproduced by Dankel and colleagues (2017) showing 

that occlusion protocols utilising a low training load (10-20% of 1RM), benefits from increased 

blood flow restriction pressures. Thus, an increase in AOP could elicit in a meaningful muscular 

adaptation only when the BFR-RT protocol utilise a training load at the lower range.  

 A recent study by Mouser and colleagues (2017) studied the hemodynamics of blood flow at 

different pressures (rest-100% of AOP). One interesting finding was that the arterial blood flow was 

relatively unchanged between 50 and 90% of the arterial occlusion pressure, thus the blood flow 

reduced in a non-linear fashion with the increasing pressure. It is also documented that a larger 

percentage of AOP is accompanied by increased perceptual responses such as discomfort and 

increased rating of perceived exertion leading to a decrease in exercise volume compared to lower 

restriction pressures (Mattocks et al., 2017). Another group of researchers studied the muscle 

adaptations in response to 8 weeks of BFR-RT with the use of 40% of AOP and 90% of AOP 

applied to the same cuff (unknown width) (Counts et al., 2016). Both training protocols induced 

muscle hypertrophy, enhanced peak isometric strength and muscular endurance with no significant 

differences between the two protocols. A secondary recent study indicate that arterial occlusion 

pressure as low as 50% can induce similar hypertrophy and strength increases compared to 

traditional heavy resistance training (Kim et al., 2017). 

 Despite the literature of pressure regarding blood flow restriction training, an optimal 

pressure is yet to be confirmed, and the existing methods are likely to be imperfect. However, based 

on the studies above, it could be more conservative to select a lower relative pressure to; (1) reduce 

the probability of prolonged exposure to ischemia (associated with skeletal muscle damage); (2) 

more likely able to achieve a sufficient training volume; (3) reduce unnecessary discomfort for the 

subjects, and (4) reduce dropout rate of participants. In addition, it is important to highlight that 

BFR-pressure should be considered in relation to the width of the cuff. 
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4.1.2 Cuff Width  

Reviewing the literature reveals that a broad range of different cuff widths (30-185 mm) are 

commonly applied among the blood flow restriction investigations (table 5). An important aspect 

regarding cuff width is the amount of applied pressure required to achieve a venous blood pooling 

without a complete arterial occlusion, which is suggested as an important stimulus to induce muscle 

hypertrophy associated with muscle swelling (Loenneke, Fahs, Thiebaud, et al., 2012). Jessee and 

colleagues (2016) studied 249 subjects in relation to three commonly used cuff widths (50, 100 and 

120 mm) in response to the pressure required for a complete AOP. An interesting finding was that 

the narrow cuff (50 mm) required the greatest pressure to occlude blood flow followed by the larger 

cuff (100 mm), while the largest cuff (120 mm) required the least pressure. Quantification data from 

another investigation supports that narrow cuffs (50 mm) compared to larger cuffs (135 mm), 

requires greater (61%) absolute pressure to induce complete arterial occlusion (235 mmHg vs. 144 

mmHg, respectively) (Loenneke, Fahs, Rossow, Sherk, et al., 2012).  This relationship is evident in 

several investigations (Crenshaw, Hargens, Gershuni, & Rydevik, 1988; Graham, Breault, McEwen, 

& McGraw, 1993; Loenneke, Fahs, Rossow, Sherk, et al., 2012). It is therefore proposed that the 

absolute pressure should be applied in relation to the width of the cuff. However, a recent study 

conducted by Mouser et al. (2018), examined the acute hemodynamic responses to the commonly 

applied 100 mm- and the 120 mm cuff. A noteworthy result from this investigation, revealed that 

when a relative equal pressure was applied to the cuffs, there were no significant differences among 

blood flow, mean blood velocity, peak blood velocity and artery diameter. This indicates that the 

100 mm and the 120 mm cuff apply an equivalent blood flow stimulus when using equal relative 

AOP. Supporting this assertion is results from another study comparing 50, 100 and 120 mm cuffs 

applying 40 to 90% of AOP, showing that relative pressures appear to elicit similar blood flow 

responses, despite different cuff widths (Mouser et al., 2017).  

 The studies above are more concerned with pressure regulations and the acute responses to 

hemodynamic variables associated with the applied stimulus of a BFR-RT protocol. A further 

relevant aspect regards the physiological adaptations when frequent training sessions are performed 

with BFR-RT with a narrow cuff compared to a wider cuff. It is speculated that a more narrow cuff 

should theoretically compress less muscle tissue, thus it is plausible to theorise that a more narrow 

cuff is more efficient in increasing muscle growth. This question was addressed by Laurentino et al. 

(2016), studying the cross sectional area (CSA) and maximum strength of the elbow flexors in 

response to 6 weeks of either BFR-RT with narrow cuffs (50 mm) or BFR-RT with wider cuffs (100 

mm). To equalise the BFR-RT stimulus of both groups, a relative pressure at 80% of AOP was 
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applied with an equivalent training volume. Both BFR-RT protocols resulted in increased CSA 

(≈10%) and strength (≈12%). Despite the differences of cuff widths, no significant changes were 

identified regarding changes in elbow flexors CSA (p=0.97) or muscle strength measured as 1RM 

(p=0.96) between the narrow and wide cuff protocol.  

 In defiance of the accumulated evidence supporting the efficiency of BFR-RT, little is 

currently known about the long term BFR-RT adaptations to different cuff widths. It is therefore too 

ambiguous for the author to give a direct answer in this short review on the paramount question: 

Does cuff width influence the muscular adaptations accompanied by BFR-RT? Nevertheless, it is 

important to consider the cuff width in relation to the quantity of the applied pressure to regulate 

and control the degree of added occlusion to the specific limb.  

4.2 Muscle Hypertrophy  

It is thoroughly established through the scientific endeavour of exercise physiology that the 

mammalian skeletal muscle can adapt to a progressive overload of resistance training, thus alter its 

morphological conditions i.e. increasing in muscle fiber hypertrophy (growth of existing cells) 

(Schoenfeld, 2010). It was previously believed that a training load in the higher range (>70% of 

1RM) was needed to induce significant muscle hypertrophy (McDonagh & Davies, 1984). 

However, during the latest decade, experimental studies have demonstrated that training loads in the 

lower range (<40% of 1RM) can result in muscle hypertrophy if the sets are performed to 

exhaustion (Nóbrega, Ugrinowitsch, Pintanel, Barcelos, & Libardi, 2018; Ogasawara, P. Loenneke, 

Thiebaud, & Abe, 2013) or in combination with blood flow restriction (Lixandrao et al., 2018; 

Lixandrao et al., 2015). Through the physiological adaptations when several resistance training 

sessions are performed consecutively, the contractile elements enlarge and the extracellular matrix 

expands (Vierck et al., 2000). It is plausible to consider that the majority of the exercise-induced 

skeletal muscle hypertrophy results from an increase of sarcomeres and myofibrils added in parallel 

to the muscle fiber (Paul & Rosenthal, 2002). Further, the quantity of the myofibrillar contractile 

proteins; actin and myosin increases, thus amplify the individual diameter of the muscle fiber, 

leading to an increased overall muscle cross-sectional area (Toigo & Boutellier, 2006). The 

following sections will review the cellular and the molecular mechanisms underpinning the skeletal 

muscle hypertrophy seen with the resistance training modalities of traditional strength training and 

blood flow restricted strength training.  

�32



4.2.1 Muscle Protein Synthesis 

Measuring the rate of muscle protein synthesis is adopted for its gauging efficiency in the 

assessment of the acute responses to different stimuli (i.e. training load, exercise volume, nutrition, 

etc.) (Atherton & Smith, 2012). Regarding the magnitude of the acute responses of the muscle 

protein synthesis to resistance training, a vast amount of experimental studies have been conducted 

over the last decades. For instance, when subjects exercised with low training load (≤ 40% of 

1RM), no detectable increases of muscle protein synthesis was acquired, whereas increasing the 

training load to 60-90% of 1RM increased the muscle protein synthesis acutely up to 3 folded 

(Kumar et al., 2009). However, increases in the muscle protein synthesis accompanied by low-load   

training (≤ 40% of 1RM) is demonstrated to transpire if the sets are taken to failure (Burd et al., 

2010) or performed with blood flow restriction (Fry et al., 2010; Fujita et al., 2007). Therefore, 

resistance training with low load accompanied by a reduction of the blood flow to the exercising 

muscle seems to be an effective strategy to increase the muscle protein synthesis. However, 

extrapolating the amplitude of an increased muscle protein synthesis cannot be directly compared to 

muscle hypertrophy; the muscle protein breakdown has to be considered.  

4.2.2 Muscle Protein Breakdown 

The amount of proteins within the muscle fibers are not only determined by the rate of the synthesis 

of newly formed proteins, but also the rates of breakdown of existing proteins. In mammalian 

skeletal muscle, three major pathways exists for the degradation of proteins: the ubiquitin-

proteasome pathway, the lysosomal proteolysis and the calpain Ca2 depended cysteine protease 

(Tipton, Hamilton, & Gallagher, 2018). Equally to the synthetic rate of proteins, the degradation of 

proteins can be measured with stable isotopic tracer methods (Kim, Suh, Lee, & Wolfe, 2016). 

From experimental studies investigating the muscle protein breakdown, the general view is that the 

muscle protein breakdown will acutely be upregulated the following hours after a resistance training 

session (Biolo, Maggi, Williams, Tipton, & Wolfe, 1995; Pasiakos & Carbone, 2014; Phillips, 

Tipton, Ferrando, & Wolfe, 1999). However, to the author’s knowledge the relative increase of 

muscle protein breakdown comparing BFR-RT to traditional heavy resistance training is currently 

unknown. Nevertheless, it is tempting to speculate that the protein breakdown is slightly diminished 

with BFR-RT compared to heavy resistance training due to its subjective nature of low load 

training, resulting in a decreased degree of mechanical tension. This remains speculative and in 

either way, care should be selected if decreased/increased muscle degradation alone is extrapolated 

to muscle atrophy/hypertrophy, accordingly, the net protein balance should be acknowledged.  
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4.2.3 Net Protein Balance  

The mammalian muscle protein are subjected to a perpetual modification through the adjustment of 

synthesising new proteins and the breakdown of existing proteins, briefly reviewed above. Since the 

magnitude of skeletal muscle hypertrophy is ultimately the product of the net protein balance 

(muscle protein synthesis minus muscle protein breakdown), schematic representation in figure 6, 

the total quantity of the skeletal muscle mass is therefore regulated by this ratio. Since the objective 

of this study is to investigate the acute anabolic effects of blood flow restriction training, a further 

delve into the mechanisms and pathways responsible for the up-regulation of the muscle protein 

synthesis (green box from figure 5) is necessary.  

4.3 Mechanisms of BFR Strength Training Induced Muscle Hypertrophy 

Despite the evident muscle hypertrophy achieved from BFR-RT studies reviewed in chapter 4.1, the 

attributed mechanisms underpinning the hypertrophy are poorly understood (Pearson & Hussain, 

2015). It is theorised that the amplified levels of metabolic stress (i.e., accumulation of metabolites 

produced by an ischemic condition) seen with BFR-RT, is liable to further act on secondary 

mechanisms (figure 6) to increase muscle hypertrophy (Loenneke, Fahs, Wilson, & Bemben, 2011). 

Complementary to the metabolic stress, the mechanical tension (mechanically induced tension 

generated by force production and stretch) are regarded as fundamental to muscle growth 

(Schoenfeld, 2010). It is generally considered that the mechanical tension achieved from heavy 

resistance training agitate the integrity of skeletal muscle, resulting in mechanochemically 

transduced molecular and cellular reactions in the muscle fibers (Toigo & Boutellier, 2006). 

Nevertheless, the relative contribution of the metabolic stress and the mechanical tension achieved 

from BFR-RT is not well known, however, due to the subjective nature of low mechanical loads 

used in BFR-RT, it is plausible to speculate that the preeminent mechanism may be the metabolic 

stress. In either way, future studies should further highlight the proposed secondary mechanisms 
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deriving from the metabolic stress and the mechanical tension from BFR-RT, featured in figure 6 

from Pearson & Hussain (2015). A brief review of two secondary mechanisms will be explored: 

Cell swelling and mechanotransduction.  

4.3.1 Cell Swelling  

In light of recent evidence supporting the notion that the magnitude of the muscle swelling effect is 

equivalent comparing a bout of HL-RT (80% of 1RM) to a bout of BFR-RT (20% of 1RM, 160 

mmHg) (Freitas et al., 2017), cell swelling augment its position as a potential secondary mechanism 

for BFR-RT induced hypertrophy. The results from a previous investigation of Loenneke and 

colleagues (2012) are consistent with the findings that BFR-RT induce significant muscle swelling 

post resistance exercise. Additionally, Jenkins and colleagues (2015) observed a greater increase in 

the acute muscle swelling with BFR-RT (30% of 1RM) than HL-RT (80% of 1RM). Thus, it is 

reasonable to consider that the mechanism of muscle swelling is one of the potential mechanisms of 

BFR-RT induced muscle hypertrophy. Further, the precise cellular mechanisms responsible for the 
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cell swelling with BFR-RT are not well understood. However, it is established that the applied 

pressure deriving from the cuff, creates a pressure gradient favouring arterial blood flow while 

inhibiting venous blood flow, hence an increased blood pooling (Pearson & Hussain, 2015). The 

subsequent intracellular swelling is thus considered to cause the cell to initiate a signalling cascade 

to augment its structural architecture (cell swelling signalling further reviewed in chapter 4.4.4). 

Figure 7 represent a hypothesised illustration of the mechanism adopted by Loenneke and 

colleagues (2012).  

4.3.2 Mechanotransduction  

Presented in chapter 4.3, external mechanical loading can ultimately induce skeletal muscle 

hypertrophy. Specifically, the mechanical tension activates sarcolemmal-bound mechanosensors 

(e.g., integrins and focal adhesions) that convert mechanical energy into chemical signals, thus the 

�36



mammalian/mechanistic target of rapamycin (mTOR) is activated (mTOR signalling reviewed in 

4.4.1) and further promote an increase in the muscle protein synthesis (Fry et al., 2010). However, 

as previously discussed, the influence of mechanical tension in BFR-RT might not be significant 

due to low load resistance. While it could be disputed that the metabolic stress could mediate 

related mechanisms, thus the effects of mechanotransduction may be additive (Pearson & Hussain, 

2015). Future studies should possibly emphasise the role of mechanotransduction as a mechanism 

of muscle hypertrophy regarding BFR-RT, since no direct evidence exists in the literature.  

4.4 Molecular Signalling: the Underlying Mechanisms of Hypertrophy 

The capacity of muscle fibers to hypertrophy in response to external loading and the molecular 

pathways underpinning this response have been extensively studied during the last decades 

(Marcotte, West, & Baar, 2015). This adaptation can derive from heavy load strength training or 

from low load BFR-RT, and several underlying mechanisms of the increased net protein synthesis 

and muscle hypertrophy have been investigated. To study the cellular and molecular mechanisms 
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underpinning the increased protein synthesis in response to strength training with BFR, muscle 

biopsies along with western blotting methodology were selected for this BFR-study. To the author’s 

knowledge, an impartial amount of the studies investigating the specific hypertrophic responses to 

BFR-RT compared to HL-RT have implemented muscle biopsies. Consequently, the underlying 

molecular mechanisms responsible for the potent hypertrophic effects seen from BFR-RT are still 

being defined. A simplified schematic illustration of the key anabolic signalling proteins studied in 

the BFR-study are highlighted in green from figure 8.  

4.4.1  Anabolic Signalling: mTor Signalling-Pathway 

During the late 80’s, the mTOR protein was discovered by a group of molecular exercise 

physiologists at the University of Basel (Wackerhage, 2006). The mTOR protein is a 289-kDa 

serine-threonine kinase that can increase protein synthesis through a process of translation of 

mRNA molecules into proteins inside the ribosome organelle of the muscle cell (Laplante & 

Sabatini, 2009). Further, the mTOR protein can activate the transcription of important genes related 

to the increased protein synthesis. Since the discovery of the mTOR, the protein has attracted a lot 

of scientific attention because of its capability to act as a master growth regulator of all cells 

(Laplante & Sabatini, 2009).  

 mTOR is divided into complex 1 (mTORC1) and complex 2 (mTORC2), where mTORC1 is 

at the centre of the mTOR pathway leading to the increased protein synthesis (Wackerhage, 2006). 

mTORC1 is activated by different stimuli, including resistance exercise, amino acids and hormones. 

An investigation sought out by Fry and colleagues (2010), found that mTORC1 activity 

(phosphorylated/total) increased significant 1 hour and 3 hours after a low-load BFR-RT workout 

compared to the same workout without any BFR. However, it is plausible to speculate that the 

differences of mTORC1 activity would be diminished if the low-load BFR workout was compared 

to heavy resistance training. Thus in our study, resistance training with blood flow restriction was 

matched with traditional heavy resistance training to get a better comparison and understanding of 

how the two training modalities equates. Accordingly, three important downstream proteins 

phosphorylated by mTORC1; p70S6kinase, RPS6 and 4E-BP1, will be studied in relation to BFR-

RT vs. HL-RT. 

4.4.2 Anabolic Signalling: p70S6kinase & rpS6 

An activated mTORC1 can in turn phosphorylate the p70S6kinase protein, which further acts on 

several key proteins. The signalling cascade downstream from p70S6kinase includes activation 

through phosphorylation of eIF4B, rpS6 and SKAR, increasing protein synthesis through a cap-
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depended translocation, ribosome biogenesis and mRNA biogenesis, respectively (Laplante & 

Sabatini, 2009). In addition, p70S6kinase inhibits eEF2k through phosphorylation, consequently 

increasing protein synthesis through an amplified process of translation and elongation.  

 Several investigations have been carried out to investigate the responses of p70S6kinase and 

rpS6 in relation to a traditional strength training stimuli; a significant phosphorylation of the 

proteins are prominent (Apro & Blomstrand, 2010; Farnfield, Breen, Carey, Garnham, & Cameron-

Smith, 2012; Glover et al., 2008; J. J. Hulmi et al., 2009). Corresponding results are found when 

participants exercised with BFR-RT (Fry et al., 2010; Fujita et al., 2007; Gundermann et al., 2012; 

Wernbom et al., 2013). The phosphorylation of the p70S6kinase was increased by three-fold with 

low-load BFR-RT 1 hour post-workout, while the control group who performed the same exercise 

protocol with no occlusion did not reach statistical significance from baseline (Fujita et al., 2007). 

The increased phosphorylation of p70S6kinase following the BFR-RT resulted in a significant 

increase in rpS6 (phospho/total) along with an increased muscle protein synthesis (Fry et al., 2010), 

supporting the notion that BFR-RT does indeed enhance mTORC1-signalling and muscle protein 

synthesis through phosphorylations of both p70S6kinase and rpS6. However, the low-load BFR 

studies above used control groups who exercised with the same load, ergo, the training modality 

(BFR-RT vs. HL-RT) that is the most effective in inducing the acute muscle anabolism could still be 

questioned. To address this, we compared a frequent used BFR-RT protocol to a traditional 

resistance training program on the relative contribution of phosphorylation of p70S6kinase and 

rpS6. 

 A rather recent project from Nakajima and colleagues (2018) studied the effects of low 

microvascular O2 partial pressures (P mvO2) during contractions on muscle hypertrophy signalling. 

A noteworthy demonstration that muscle hypoxia is not obligatory for the hypertrophic responses to 

low-force electrical induced muscle contractions, however the reduced P mvO2 did enhance the 

ribosomal protein S6 phosphorylation and potentiated the hypertrophic response. Although, the 

results are based on rodent subjects, future studies should investigate if these responses are 

comparable to human test subjects.  

4.4.3  Anabolic Signalling: 4E-BP1 

mTORC1 acts downstream on 4E-BP1, thus the 4E-BP1 gets inhibited through phosphorylation, 

which in turn detaches from the eIF4E protein (Holz, Ballif, Gygi, & Blenis, 2005). This specific 

detachment allows the ribosome to bind to the mRNA to initiate translation, thus increase protein 

synthesis (Wackerhage, 2006). In addition, the phosphorylation of 4E-BP1 regulates the availability 
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of elF4E which regulates the cap-depended translation in response to cell stress (Ayuso, Hernandez-

Jimenez, Martin, Salinas, & Alcazar, 2010). Resistance exercise is indeed showed to inhibit the 

activity of 4E-BP1 immediately following exercise when mTORC1 is phosphorylated, gradually 

returning to baseline over the next 2-hours (Dreyer et al., 2006; Farnfield et al., 2012). However, 

during BFR-RT, the decreased phosphorylation of 4E-BP1 did not reach statistical significance, 

despite the tendency to a reduction in activation 1-hour and 3-hour post-workout (Fry et al., 2010). 

The literature is rather sparse to draw any certain conclusions on the relative contribution of the 

phosphorylation of 4E-BP1 regarding the hypertrophic adaptations attained through frequent low-

load BFR-RT (Pearson & Hussain, 2015). This study will potentially provide further insight into the 

causal relationship of the molecular mechanisms associated with the hypertrophy observed with the 

BFR-RT exercise modality.   

4.4.4  Anabolic Signalling: ERK1/2 

As previously reviewed, cell swelling has been postulated to be one of the plausible cellular 

mechanisms responsible for the augmented protein synthesis, thus hypertrophy accompanied by 

BFR-RT (reviewed in chapter: 4.3.1). It is speculated that during BFR-RT, muscle swelling is 

detected by intrinsic volume sensors which leads to an activation of the mitogen-activated protein-

kinase (MAPK) pathway. The extracellular signal-regulated kinase 1/2 (ERK1/2) which are proteins 

linked to osmosensing (Miyamoto, Teramoto, Gutkind, & Yamada, 1996), display an important 

MAPK signalling module, responsible for the adaptation of skeletal muscle in response to exercise 

stimuli (Loenneke, Fahs, Rossow, Abe, et al., 2012). In brief notion, the MAPK pathway includes a 

small G protein (RAS) and three protein kinases (RAF, MEK, ERK), and starts when a ligand bind 

to a transmembrane protein (receptor tyrosine kinase), and initiate the signalling cascade with 

translocation of ERK to the nucleus, resulting in increased transcription factors, thus increased gene 

expression (McCain, 2013). Research have demonstrated that the MAPK signalling pathway is 

increased with BFR-RT, including the phosphorylation of the ERK1/2 protein acutely up to 3-hours 

post-exercise from a BFR-RT exercise session (Gundermann et al., 2012). Lending support to this 

finding is work conducted by Fry and colleagues (2010). Hence, it could be reasonable to 

hypothesise that to achieve the maximum anabolic stimuli after a resistance training session, both of 

the mTORC1 and MAPK signalling pathway is needed to be activated.  Anyhow, a further potential 

mechanisms of the BFR-RT induced hypertrophy may derive from its capability to induce hypoxia, 

which affects the activity of the reactive oxygen species (ROS). Experimental studies have shown 

that ROS generated during resistance training can activate MAPK signalling in skeletal myoblasts 
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(Kefaloyianni, Gaitanaki, & Beis, 2006). However, the literature is insufficient to draw any certain 

conclusion on the molecular mechanisms underpinning the increased protein synthesis seen with 

BFR-RT in strength trained subjects. More data should be warranted to seek a better understanding 

of the anabolic responses of BFR-RT compared to HL-RT. 

4.4.5  Anabolic Signalling: Summary  

Figure 9 summarises the selected anabolic proteins for the BFR-study associated with an increased 

muscle protein synthesis following a bout of resistance training with and without the conjunction of 

blood flow restriction. Despite the prominent relationship of the proteins at either side of the 

mechanical loading pattern, non of these studies have directly compared the magnitude of influence 

regarding the comparison of HL-RT and BFR-RT. Thus, the studies investigating the signalling 

cascades concerning HL-RT have frequently compared it to a control condition without exercise, 

while several studies from the BFR-literature compared low load resistance training without BFR to 

BFR-RT. Accordingly, insufficient evidence exists to evaluate the relationship regarding the key 

anabolic proteins matching the two different training modalities. 
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5. Ethical Considerations  
During 1964, the Declaration of Helsinki was formed by the World Medical Association, describing 

a set of ethical principles regarding human experiments ("World Medical Association Declaration of 

Helsinki: ethical principles for medical research involving human subjects," 2014). This landmark 

document focused crucial attention to the fundamental rights of research participants and to the 

responsibilities of the scientists, especially that the voluntary consent of the human subject is 

absolutely indispensable. This includes that: (1) test subjects could leave the experiment at any time 

without being asked for reason, (2) the risk included in participation should be minimised and (3) 

that participation is voluntary. All participants included in the BFR-study went through a pre-

exercise screening before completing any component of the study (see list of attachment. 3), and 

was only eligible to participate if they were free from any musculoskeletal, metabolic or 

neurological disorders that would hinder their capacity to exercise. Further, participants were fully 

informed of all aspects of the study by reading through a study information sheet (see list of 

attachment. 4). After reading the sheet, participants signed a participant consent form, 

acknowledging that they were fully aware of all requirements of the study, have had all questions 

pertaining to the study answered to their satisfaction, and agree to participate in the study. They 

were also presented with the first fundamental right of the Helsinki Declaration, that they were free 

to withdraw from the study at any time, without prejudice.  

 Regarding the second aspect related to risk minimisation, some key considerations were 

made. First, there is a minor risk of bruising and infection from muscle biopsy and blood collection 

procedures. To minimise this risk, muscle samples and blood collections were only performed by 

qualified professionals who adhere strict procedural guidelines. Secondly, during the DEXA-scan, 

participants were exposed to a very small amount of radiation. However, the dose from a single 

scan is estimated to be approximately 4 microsieverts (µSv) (Sheu & Diamond, 2016). This is a 

very small dose, and is considered to have a very low risk. As a reference, a visit at the dentist 

conducting one set of dental radiographs corresponds to a radiation of approximately 5-10 µSv, 

while a mammogram procedure frequently used in breast imaging to assess cancer risks is roughly 

400-600 µSv (Hart & Wall, 2004; Hendrick, 2010). Lastly, all training performed during the 9-

weeks training block were supervised by qualified personnel to minimise the risk of potential 

injuries associated with unwarranted technical execution of the exercises, and to assist if any acute 

injuries would have happened.  
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 Ethical approval was attained by the ethical comité of the Norwegian School of Sport 

Science (see list of attachments. 1). Nevertheless, two further important ethical considerations are 

highlighted below: sex and safety concerns. 

5.1 Sex 

Historically, women have in general been used less frequent as test subjects (Beery & Zucker, 2011; 

Kim, Carrigan, & Menon, 2008; Yoon et al., 2014). This feministic discrimination cultivate a major 

issue in the advancement of modern scientific knowledge. The scientific BFR literature is off no 

exception regarding selection of males over females as study participants. A recently published 

review article summarised the demographics of those included (4335 participants) in the BFR 

research literature (Counts et al., 2018). Looking into the experimental studies with a training 

intervention of BFR, only 17% of the participants constitutes from the female sex. The 

underrepresentation of females in the BFR literature represent a prejudice and possess an adverse 

effect when generalisation from scientific studies are performed. Therefore, this study is conducted 

with an equal sex distribution to add substance regarding possible sex differences on the responses 

of a chronic training block with BFR-RT.  

5.2 Safety Concerns  

A recently published study by Patterson and colleagues (2018) retrieved a questionnaire from 99 

participants implementing regular BFR-RT in their weekly training routine. The incidences of the 

reported side effects were delayed onset muscle soreness (39.2%), numbness (18.5%) and dizziness 

(14.6%). However, some have reported larger detrimental effects and incidences associated with the 

use of BFR in the literature. Two cases of extensive muscle damage, rhabdomyolysis are known 

(Iversen & Rostad, 2010; Tabata, Suzuki, Azuma, & Matsumoto, 2016) and one case of vision loss 

by central retinal vein occlusion (Ozawa, Koto, Shinoda, & Tsubota, 2015). One could argue that 

the loss of vision reported by Ozawa and colleagues, could not be directly linked to the BFR-RT, 

and that the subject was prone to such complications based on the patient’s history of hypertension 

and diabetes, thus increased risk of central retinal vein occlusion. Further, Bunevicus and colleagues 

(2016) studied the responses of the cardiovascular system to a single bout of blood flow restriction 

training, to determine the risk factors for cardiac patients and physically inactive. Asides the small 

tendency to an increased systolic blood pressure, low intensity exercise carried out with BFR-RT 

did not result in significant overload of the cardiac function (Bunevicius et al., 2016). However, one 

may dispute that the adverse events seen from these studies could be accompanied by any training 

modalities, and little published evidence suggest that BFR-RT offer any greater health risk than 
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traditional resistance training (Clark et al., 2011; Loenneke, Wilson, Wilson, Pujol, & Bemben, 

2011). Despite the above, the focal point of existing literature has merely focused on the safety 

aspects related to the long-term training with restricted blood flow, thus the relative safety aspects 

should be further elucidated with more research on BFR exercise to draw a more certain conclusion.  
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6. Impact of Research  

The expected results of this project could have important ramifications for the large variety of 

populations that seek the muscular benefits of BFR-RT. Despite the recent popularity of BFR-RT, it 

is currently limited to research-minded practitioners and coaches as the efficacy and safety of this 

novel mode of exercise is still being questioned by some. The proposed study would help add 

weight to the body of evidence supporting low load BFR-RT as a viable alternative to traditional 

heavy load resistance exercise, and encourage its application for clinical, healthy and athletic 

populations. BFR-RT could also be utilised to promote health and minimise muscle wasting in 

people who are temporarily immobilised due to injury, demonstrated by Kubota and colleagues 

(2008). Finally, athletic populations could utilise this method of exercise to reduce weekly training 

loads, or temporarily minimise the stress on tendons and joints while maintaining sufficient stress to  

skeletal muscle to maintain adaptation. Accordingly, this research project will benefit athletes, sport 

scientists and coaches involved with prescribing resistance exercise. This benefit will be achieved 

from providing information that will assist in designing efficient and safe resistance training 

programs involving BFR-RT for the development and/or maintenance of muscle mass and strength, 

by achieving a sufficient stimulus for adaptation, with reduced mechanical loading. In addition, the 

new knowledge derived from this project may ultimately assist in (1) reducing total training stress 

during busy competitive periods, thereby potentially reducing risk of injury and promoting athlete 

health and wellbeing, (2) maintaining muscular strength during period of reduced training e.g. de-

loading or tapering, (3) expediting recovery and return to play/competition following 

musculoskeletal injury and (4) shed light on the molecular mechanisms underpinning the increased 

skeletal muscle hypertrophy.  
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Low Load Blood Flow Restricted Exercise Augment Anabolic Signalling 
Comparable to High Load Resistance and Translates Into Similar Muscle 
Growth During 9 Weeks of Training 

T.C. Næss1, C. Davids2, M. Moen1, K.T. Cumming1, L. Roberts3 and T. Raastad1 
1 Norwegian School of Sports Sciences  
2 The University of Queensland 
3 Griffith University 

Purpose: It is well established that high-load resistance training (HL-RT, >70%/1RM) activates mTORC1 and elevates 
muscle protein synthesis. In addition, evidence from the last decade point to the direction that lower mechanical loads 
(20-40% 1RM) combined with blood flow restriction (BFR-RT) can augment protein synthesis to a similar extent (Fry 
et al., 2010). Corresponding signalling pathways have been identified, however, no studies have directly compared the 
anabolic signalling succeeding a bout of BFR-RT vs. HL-RT. Thus, we aim to elucidate some of the anabolic signalling 
regulating muscle hypertrophy induced by BFR-RT compared to HL-RT. 
Methods: Twenty-one strength trained males and females (24±3y) performed 9 weeks of lower body strength training 
(3/week) with either BFR-RT or HL-RT. Before and after the intervention, muscle mass was quantified with DEXA and 
MRI, and muscle function was assessed with MVIC of knee extensors. Biopsies were obtained from m. vastus lateralis 
before and 2, 24 and 48-h after the last exercise session. 
Results: Quadriceps CSA increased after BFR-RT (7.4±4.3%, p<.001) and HL-RT (4.6±2.9%, p=.007) with no 
differences between groups (p=.152). HL-RT increased MVIC (9.7±12.2%, p=.030) whereas no significant changes 
were observed after BFR-RT (5.2±12.9%, p=.28); no group interaction (p=.416). Phosphorylation of p70S6KThr389 was 
elevated from baseline at 2-h (31-fold increase, p=.008) and 24-h (14.6-fold increase, p=.018) in HL-RT and elevated at 
2-h (9.8-fold increase, p=.001) in BFR-RT, with no differences between groups (p=.826). Phosphorylation of 
rpS6Ser235/23 (p=.564) and 4E-BP1Thr37/46 (p=.474) was not different between HL-RT and BFR-RT at any time point. 
Phosphorylation of ERK1/2Thr202/Tyr204 increased from baseline at 24-h (65±53%, p=.009) in HL-RT and increased from 
baseline at 2-h (77±56%, p=.002) and 24-h (140±144%, p=.011) in BFR-RT, with no differences between groups (p=.
563). 
Conclusion: Overall, these data support the application of BFR-RT to induce hypertrophic adaptations comparable to 
HL-RT. In addition, our data suggest that the key anabolic signalling proteins driving the hypertrophic responses from 
BFR-RT and HL-RT are activated following an exercise bout of either training modalities. This suggests that the 
activation of the mTORC1 pathway along with ERK1/2 to be important as a potential underlying signalling pathway of 
BFR-RT induced muscle hypertrophy. Consequently, BFR-RT could be used to reduce external mechanical loading 
while inducing a potent anabolic response proceeding to muscle hypertrophy.  

Keywords: Hypertrophy, Occlusion Training, p70S6K, ERK1/2, rpS6, 4E-BP1 
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Introduction 
Since Dr. Sato pioneered the training modality of 
exercising with limited blood flow during the 70’s 
in Japan (Sato, 2005), a multitude of experimental 
studies has proven its overall efficiency (Wernbom 
& Aagaard, 2019). For instance, combining blood 
flow restriction (BFR) with different training 
modalities has demonstrated to increase several 

physical determinants: improved running economy 
and time to exhaustion with running exercise 
(Paton et al., 2017); increased 100m running-speed 
(Behringer et al., 2017); enhanced aerobic power 
(Abe et al., 2010); maximal power output and 
delayed onset of blood lactate accumulation with 
cycling intervals (de Oliveira et al., 2016). In 
addition, BFR resistance training (BFR-RT) has 
been demonstrated to be an efficient method for 
achilles tendon rupture rehabilitation (Yow et al., 
2018), increase peak torque, power output and 
restore strength after extremity injury (Hylden et 
al., 2015). Further, BFR-RT is demonstrated to 
induce a hypotensive effect to the same magnitude 
compared to high load resistance training (HL-RT) 
(Neto et al., 2015), and achieve similar 
hypertrophic adaptations in the elderly population 
compared to HL-RT (Cook et al., 2017; Vechin et 
al., 2015).  
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 Furthermore, it is well established that HL-
RT (>70% 1RM) activates the mammalian target of 
rapamycin complex 1 (mTORC1) and elevates the 
muscle protein synthesis (Hulmi et al., 2009; 
Phillips, Tipton, Aarsland, Wolf, & Wolfe, 1997). In 
addition, evidence from the last decade point in the 
direction that lower mechanical loads (20-40%/
1RM) combined with BFR can activate mTORC1 
and augment protein synthesis to a similar extent 
(Fry et al., 2010). Preliminary studies indicates that 
BFR-RT appears to increase the muscle protein 
synthesis through the mTOR-p70S6K-pathway and 
the MAPK-pathway (Fry et al., 2010; Fujita et al., 
2007; Wernbom et al., 2013). The aforementioned 
are reflected in evidence supporting that BFR-RT 
has shown comparable effects on muscle 
hypertrophy equal to HL-RT (Lixandrao et al., 
2018). However, even though the alleged efficiency 
of BFR-RT to induce significant skeletal muscle 
hypertrophy is evident (Kim et al., 2017; 
Laurentino et al., 2012; Lixandrao et al., 2018; 
Vechin et al., 2015), the underlying molecular 
mechanisms of BFR-RT induced muscle 
hypertrophy are less known. Currently, no studies 
to the authors’ knowledge have directly compared 
the two training modalities in relation to the acute 
signalling responses following an exercise bout of 
BFR-RT vs. HL-RT. Therefore, the primary aim of 
the current study was to investigate the key 
anabolic signalling candidates regulating muscle 
hypertrophy to better elucidate the molecular 
mechanisms underlying muscle growth with BFR-
RT compared to HL-RT. While the secondary aim 
of the study was to investigate the increased muscle 
hypertrophy and strength responses following an 
intervention of either training modalities.  

Material and Methods  
Subjects  
Twenty-one (males n=9, females n=12) healthy and 
strength trained participants (age 24.3±3.1 years, 
body mass 76.2±11.5 kg, 1RM squat 105±36 kg, 
leg lean mass 19.9±3.7 kg) were recruited to 
participate in the study. Subjects were familiar with 
frequent resistance training (4.9±2.6 years).  
 The experimental procedures and the risks 
were explained to the participants before they 
provided their written informed consent to take part 
in the study. Participants were further screened 
using the Australian adult pre-exercise screening 
system tool (Norton, 2012) and they were 
considered eligible to participate if free from 
musculoskeletal or cardiovascular conditions, and 
had performed weekly resistance training on legs 
for the previous 2 years. The study was approved 
by the ethical committee of the Norwegian School 
of Sports Sciences and the Norwegian Centre for 
Research Data. All researchers complied with the 
standards set by the Declaration of Helsinki 
regarding the use of human subjects.  

Study Design  
Baseline muscle mass were assessed with magnetic 
resonance imaging (MRI) and dual energy X-ray 
absorptiometry (DEXA), while muscle function 
was quantified with maximal voluntary isometric 
contraction (MVIC) force of the knee extensors on 
an isokinetic dynamometer. Subsequent to the 
baseline measures, subjects were stratified based on 
sex, lean leg mass and muscle strength, and further 
randomised to either BFR-RT or HL-RT (Table 1). 
Training intervention lasted 9 weeks (3 sessions/
week). Following the completion of the training, 
the same measures that were completed during 
baseline were repeated after 5 days of recovery 
(Fig. 1). The subsequent week after the post-
testing, another exercise bout similar to the one 
performed during the intervention was performed, 
and served as the acute exercise session for the 
measurements of anabolic signalling responses.  

Training Program  
Participants were supervised during the three-
weekly lower body resistance training sessions. 
Session 1 and 3 consisted of barbell back squat, leg 
press and leg extensions, while session 2 consisted 
of Bulgarian split squats and leg extension 
exercises. Participants allocated to BFR-RT 
performed 4 sets of each exercise comprising of 30, 
15, 15 and 15 repetitions respectively, with a rest 
period of 45 seconds between sets. Prior to the 
exercise, 12 mm nylon occlusion cuffs were 
inflated to 60% of the individuals total arterial 
occlusion pressure (AOP), and monitored between 
sets. Cuff pressure was deflated immediately 
following the final set of each exercise. In the HL-
RT condition, 4 sets of 8 repetitions for each 
exercise were performed, with 120 seconds of rest 
between sets. For both conditions, loads were 
adjusted to ensure that participants exercised close 
to muscular failure (1-2 reps in reserve). If the 
specified number of repetitions was completed 
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Table 1. Subject characteristics, Mean ± SD 

Variable BFR-RT 
(n = 11)        

HL-RT    
(n = 10)

Sex (male/female) 5 m, 6 f 4 m, 6 f

Age (years) 24.3±3.2 24.2±3.1

Body Mass (kg) 75.8±10.2 76.6±12.7

Leg Lean Mass (kg) 19.4±3.8 20.2±3.5

1RM Squat Strength (kg) 105±37 106±36

Isometric Peak Torque (Nm) 257±67 268±44

Training Status (years) 4.8±2.2 4.9±2.9

Abbreviations: Training status (years of strength 
training), 1RM; One repetition maximum 



before muscular failure was achieved, the exercise 
load would be increased for the subsequent session, 
gauged from a rating of repetitions in reserve 
(RIR). On the contrary, if the desired number of 
repetitions could not be completed, the load would 
be decreased in the following session. Three 
minutes of rest was allocated between exercises. 
Training were performed on non-consecutive days, 
and a deload week (one fewer set per exercise) in 
week 5 was incorporated for both groups. Prior to 
the exercise session, all subjects performed a 
general warm-up routine of 5 minutes of either 
jogging, cycling or rowing followed by 5 minutes 
of calisthenic exercises including: self selected 
dynamic stretches, dynamic warm-up drills and 
bodyweight exercises. Following the warm-up 
routine, 2 sets of the first exercise were performed 
to gradually increase the external load.  
 Subjects were allowed a maximum of 2 
endurance sessions per week and would be 
excluded if they performed any additional lower 
body resistance exercise outside the study. A 
training log was used at the end of every week to 
monitor and control participants’ additional 
exercises. In addition, subjects were advised to 
incorporate a sufficient protein intake (1.5-1.8 gram 
protein/kg bodyweight) to maximise hypertrophic 
adaptations during the training intervention 
(Tarnopolsky et al., 1992; Tipton & Witard, 2007). 
A weekly 24-h diet recall was employed on 
different days (e.g. training vs. non-training, and 
week day vs. weekend) to gain insight into 
participants’ eating habits, and to ensure adequate 
energy and macronutrient intake. Researchers 
would encourage a higher protein intake for 
participants below the recommended protein intake 
range. After each training session, a protein shake 
(20-30 gram protein) was provided to all 
participants. 

Blood Flow Restriction  
Participants allocated to the BFR-RT group had 
their individual BFR cuff pressure determined 
using a Doppler ultrasound. Following 10 minutes 
of seated rest, the same BFR cuff that was used 
during the training intervention, was positioned on 
the inguinal fold region of the dominant leg. Both 

auditory and visual information were used to 
determine if the pulse was present. The cuff was 
inflated to 100 mmHg for 30 seconds, followed by 
incremental increases of 40 mmHg until arterial 
flow no longer was detected. Pressure was then 
decreased in 10 mmHg increments until arterial 
flow returned, and the least amount of pressure 
needed for total arterial occlusion was selected as 
the 100% AOP. The mean pressure applied to the 
lower limbs required for 100% AOP and the 60% 
AOP used during the experiment was 180.5±23.7 
and 108±14.2 mmHg, respectively. 

Acute Exercise Session  
Following the 9 weeks training program and post-
testing in week 10, subjects performed one final 
bout with either HL-RT or BFR-RT accordingly to 
their intervention group. The exercise session 1 
(squat, leg press and leg extension) was selected. 
The workout was closely monitored, and 
researchers applied verbal encouragement to all 
participants. Exercise session lasted approximately 
40 minutes and loads corresponded to the 
maximum load that could be lifted within the 
ramification of each distinct exercise protocol. 
Total external load (reps x sets x external load) of 
B F R - RT ( 11 4 2 6 ± 4 4 7 1 k g ) a n d H L - RT 
(10124±3143 kg) was approximately similar.  

Maximal Voluntary Contraction  
Isometric strength of the knee extensors was 
assessed on an isokinetic dynamometer (CSMI 
Humac Norm Model 770, USA). Participants were 
seated upright with a chair angle of 85 degrees with 
their dominant leg strapped to the lever fixed at an 
angle corresponding to 70 degrees of knee flexion 
(full knee extension defined as 0 degrees of 
flexion). Following 5 min of cycling (Monark, 
Ergomedic 828E, Sweden) at a self selected pace, 
and three warm-up sub-maximal voluntary 
contractions, participants performed 3 x 3 second 
maximal voluntary contractions, each separated by 
90 seconds of rest. Participants were instructed to 
apply force as rapid and hard as possible for the 
entire 3 seconds. A familiarisation session was 
performed prior to the first test session.  
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Body Composition and Muscle CSA 
D E X A ( L u n a r i D X A , G E H e a l t h c a r e , 
Buckinghamshire, United Kingdom) was used 
before and after the intervention period to assess 
the total body composition. In a fasted state, 
participants were scanned in the morning, avoiding 
exercise in the 12-h prior to the test and were then 
asked to void their bladder immediately before the 
scan. All subjects were scanned head to toe in a 
supine position, quantifying lean tissue, fat mass 
and bone mineral content. Total lean leg mass was 
provided with further assessments.  
 Muscle cross-sectional area (CSA) and 
quadriceps volume were determined using MRI to 
provide a local measure of muscle mass. Transverse 
section images were captured of the dominant leg 
(GE Signa 1.5 Tesla Echospeed, GEMedical 
Systems, Madison, WI, USA) before and after the 
training period. The images [Digital Imaging and 
Communications in Medicine (DICOM)] were 
analysed using ITK-SNAP software (University of 
PA, Philadelphia, USA; www.itksnap.org). A total 
of 10 DICOM images were used to derive the CSA 
of the quadricep muscles along the dominant thigh. 
The CSA values from each of the 10 locations were 
combined to provide a total quadriceps CSA. The 
CV of these assessments was <2%. 

Biopsy Collection 
Biopsies were obtained from vastus lateralis of the 
dominant leg before, and 2, 24 and 48-h after the 
acute exercise session. The targeted area of the 
biopsy was first disinfected by chlorhexidine 
followed by local anesthesia (Xylocaine adrenaline, 
10 mg·ml−1 + 5µg·ml−1, AstraZeneca, London, 
UK). Subsequently, a 1-2 cm wide cut and 1.5-2.2 
cm deep section into the skin and muscle fascia was 
conducted with a scalpel. A 6 mm Bergström 
biopsy needle (Pelomi, Alberslund, Denmark) was 
inserted through the section, where 1-3 muscle 
samples were taken (approximately 150 mg in 
total). A vacuum tube needle was attached to the 
biopsy needle to pull the muscle tissue into the 
needle. Following the procedure, the section was 
closed with strips and the muscle sample was 
cleaned for connective tissue, adipose tissue and 
blood. The muscle tissue were weighted and 
quickly frozen in isopentane cooled on dry ice. 
Further, the cleansed samples were stored in 
eppendorf tubes and directly stored in a minus 
80°C freezer. Participants were given wound care 
advice and were closely followed up after the 
procedure. 
 Two hours prior to the first, third and 
fourth biopsy, a standardised meal of oatmeal was 
consumed (0.16 g protein/kg bodyweight), while 
two hours prior to the second biopsy, a protein 
shake (0.28 g protein/kg bodyweight) was ingested. 

Tissue Processing: Homogenisation  
The muscle biopsy samples were stored in a minus 
80ºC freezer until they were homogenised. 
Approximately 50 mg of muscle tissue was 
homogenised in a solution of 1 ml T-PER (Tissue 
Protein Extraction Reagent, Thermo scientific, 
Rockford, IL, USA) and 20 µl EDTA (Ethylene 
Diamine Triacetic Acid, Thermo scientific, 
Rockford, IL, USA). For samples that were either 
above or below the threshold of 50 mg muscle 
tissue, the solution was adjusted thereafter. Each 
muscle sample was homogenised for the duration 
of 3-5 seconds, followed by another 3-5 seconds, or 
until no intact tissue was seen. Succeeding, the 
samples were shuddered in a refrigerator for 30 
minutes and then centrifuged at 10 000G for the 
duration of 10 minutes at a temperature of 4ºC. The 
supernatant of each sample was transferred to 1.5 
ml eppendorf tubes, before they were centrifuged 
one additional time with the same settings as above. 
After the second centrifugation, the supernatant 
was pipetted into a new eppendorf tube of 1.5 ml 
and further divided into 25 µl aliquots added to 10 
x 0.2 ml eppendorf tubes. The final eppendorf tubes 
of 25 µl muscle sample solution were then stored in 
a minus 70ºC freezer.  

Tissue Processing: Total Protein Content 
Samples were first evaluated for the total 
concentration of protein by using the RC/DC 
Protein Assay kit from BioRad (Herkules, CA, 
USA). As a known standard protein concentration, 
the bovine gamma globulin was selected with a 
spectrum of 0.125; 0.25; 0.5; 1; 1.5 µg·ml−1. 
Samples were diluted in a 1:4 ratio with dH2O, in 
such manner that the protein concentrations should 
be within the area defined by the standard protein 
concentration. In 96-well microplates (Greiner Bio-
one International AG, Kremsmünster, Germany), 
the samples were pipetted in triplicates of 5 µl in 
each well. Following the pipetting of samples and 
the protein standard, a 25 µl reagent A*S (alkaline 
copper tartrate solution, Bio-Rad Laboratories Inc., 
USA) and a 200 µl reagent B (diluted folin reagent) 
were added into each well with a multichannel 
pipette. The 96-well microplates were then kept in 
a dark environment for the duration of 15 minutes, 
subsequently, the plate was analysed by ASYS 
Expert 96 from Biochrom (Cambridge, UK). The 
protein concentrations (CV<10%) were then 
calculated from the KIM Immunochemical 
Processing Software 32.  

Western Blotting 
Muscle tissue samples were diluted in dH2O and 
added a sample reducing agent (10x, NuPAGE, 
NP0009, Invitrogen) and a LDS sample buffer (4x, 
NuPAGE, NP0007, Invitrogen) in relation to the 
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specific protein concentration of that sample. 
Further, the samples were heated to 70ºC for the 
duration of 10 minutes before they were pipetted 
and separated by a 10-well gel (NuPAGE 4-12% 
Bis-This Gel, 10-well, NP0321BOX, Invitrogen). A 
weight marker (Protein Ladder PS 11, GeneOn., 
Germany) was added to the first and last well of 
each specific gel. Further, a 30 µl solution of each 
sample were pipetted into the rest of the eight 
wells, with a duplicate of each participant on the 
s a m e g e l . E l e c t r o p h o r e s i s ( S D S - PA G E 
electrophoresis) were conducted with chambers 
(Novex Mini-Cell, XCell SureLock, Invitrogen) at 
200 Voltage with a duration of 45 minutes using a 
running buffer: MES/MOPS SDS running buffer 
(20x NuPAGE, NP0002, Invitrogen) and dH2O. 
Subsequently, the samples were transferred to a 
polyvinylidene difluoride (PVDF) membrane 
(Immuno-blot, Bio-Rad). Prior to the blotting stage, 
the membranes where activated with methanol 
(Merck KgaA, 1.06007.2500), dH2O and a transfer 
buffer: transfer buffer (NuPage, NP0005, 
Invitrogen), methanol, dH2O and antioxidant 
(NuPAGE, NP0005, Invitrogen). Membranes were 
further blocked for 2-h at room temperature in 5% 
fat-free skimmed milk (Skimmed milk powder 
Merck KgaA, Germany), and a 0.05% TBS-t 
solution (Tris-buffered saline 10x TBS, Bio-Rad 
and Tween 20 VWR International, Radnor, Pa, 
USA) and incubated over night at 4ºC with primary 
antibodies, followed by incubation with the specific 
secondary antibodies for 1-h at room temperature. 
Membranes were washed in the 0.05% TBS-t 
solution between stages and protein stripping was 
performed by using Restore Western Blot Stripping 
Buffer (Pierce Biotechnology, Rockford, IL, USA) 
for 10 minutes at room temperature. The 
membranes were finally incubated for the duration 
of 5 minutes of a 1:1 solution of a luminol enhancer 
solution and stable peroxide buffer immediately 
before the imaging was conducted with ChemiDoc 
MP Imaging system, and further analysed with 
Image Lab Software (Bio-Rad Laboratories, 
Hercules, CA, USA). All samples from each 
participant were always loaded on the same gel, 
and band intensity comparisons were only done 
within each blot. 

Antibodies  
The following primary antibodies were used and 
purchased from Cell Signalling Technology: 
Phospho-p70S6 Kinase (Thr389), Phospho-p44/42 
MAPK (ERK1/2) (Thr202/Tyr204), Phospho-S6 
Ribosomal Protein (Ser235/236), Phospho-4E-BP1 
(Thr37/46), Total p70S6 Kinase, Total-p44/42 
MAPK (ERK1/2), Total-S6 Ribosomal Protein and 
Total-4E-BP1 Antibody. All primary antibodies 
were diluted in 1:1000. The secondary antibody, 
Anti-rabbit IgG, HRP-linked Antibody, was diluted 
in 1:3000.  

Statistical Analysis 
All data were tested for Gaussian distribution using 
the Shapiro-Wilk normal i ty  t e s t . A two-way 
repeated measures ANOVA was used to assess the 
interaction of groups and time-point effects of 
phosphorylation status. Log transformation (base 
10) was used to make phosphorylation data less 
skewed. Paired t-tests were used to assess pre and 
post changes of muscle function and muscle 
hypertrophy, while unpaired t-tests were used to 
evaluate the differences between groups. Data are 
presented as mean±standard deviation. The level of 
significance for all statistical analyses was set 
to p < 0.05 and data were analysed and graphically 
presented using Prism 8 (San Diego, CA, USA, 
https://www.graphpad.com). 

Results 
Participant Characteristics 
The participants’ characteristics at baseline are 
shown in Table 1. There were no significant 
baseline differences between HL-RT and BFR-RT 
(p >0.05). 
 The participants in the HL-RT and the 
BFR-RT group completed the same number of 
strength training sessions 27±0 and 27±0 sessions, 
respectively. Total session load (repetitions x sets x 
external load) increased from 7179±3463 kg to 
12317±4480 kg (72%, p=.001) with the BFR-RT 
group, while HL-RT increased from 7796±3027 kg 
to 10279±2969 kg (32%, p<0.001); no significant 
difference between volumes at baseline (p=.680) or 
post (p=.258).  

Muscle Strength  
Following the 9 week training intervention, the HL-
RT group increased peak torque in isometric knee 
extension from pre to post (9.7±12.2%, p=0.030), 
whereas no significant increase was observed with 
BFR-RT (5.2±12.9%, p=0.28); no significant group 
interaction between the two groups (p=0.276).  

Muscle Hypertrophy 
Following the training period, total lean leg mass 
was increased irrespective of training modality: 
BFR-RT (1.95±1.78%, p=0.005) and HL-RT 
(1.05±1.34%, p=0.041), with no significant group 
interaction (p=0.213).  
 The cross-sectional area of the vastus 
lateralis increased following the training 
intervention with BFR-RT (7.4±4.3%, p<.0001) 
and with HL-RT (4.6±2.9%, p=.007), with no 
significant difference between training modality 
(p=.152).  

Protein Signalling 
Phosphorylation of p70S6KThr389 was elevated from 
baseline at 2-h (31-fold increase, p=0.009), 24-h 
(14.6-fold increase, p=0.022) and 48-h (6.6-fold 
increase, p=0.031) in HL-RT and elevated at 2-h 
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(9.8-fold increase, p=0.002) in BFR-RT, with no 
differences between groups (p=0.826).  
 There was no difference in rpS6Ser235/2 

phosphorylation at any time point after exercise in 
the BFR-RT group. HL-RT obtained a time-point 
interaction only at 24-h (3-fold increase, p=0.049). 
However, phosphorylation of rpS6Ser235/23 was not 
different between HL-RT and BFR-RT (p=0.564). 
 There was no statistical significant group 
interaction of the phosphorylation of 4E-BP1Thr37/46 
(p=0.474), despite the time-point interaction of HL-
RT at 2-h (-31±26%, p=0.049).  
 Phosphorylation of ERK1/2Thr202/Tyr204 
increased from baseline at 24-h (65±53%, p=0.009) 
and 48-h (63±50%, p=0.006) in HL-RT and 
increased from baseline at 2-h (77±56%, p=0.002) 
24-h (140±144%, p=0.011) and 48-h (121±107%, 
p=0.001) in BFR-RT, with no differences between 
groups (p=0.563). 
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Discussion  
To the best of our knowledge, this is the first study 
to directly compare the anabolic signalling 
responses following a bout of BFR-RT matched 
with HL-RT. Thus, the primary and novel finding 
from our study was that BFR-RT augmented 
anabolic signalling to a similar magnitude as HL-
RT following an exercise session. Further, there 
were two secondary findings: (1) resistance trained 
subjects who exercised with either BFR-RT or HL-
RT for 9 weeks achieved similar muscle 
hypertrophy, and (2) only HL-RT transferred to 
improvements of strength in isometric knee 
extensions.   

Protein Signalling   
It was initially hypothesised that due to the 
subjective nature of lower mechanical stress 
accompanied by BFR-RT, along with the notion 
t h a t t h e s e c o n d a r y m e c h a n i s m s ( i . e 
mechanotransduction, cell swelling, reactive 
oxygen species) may differ between HL-RT and 
BFR-RT (Pearson & Hussain, 2015), a potential 
difference in anabolic signalling underlying the 
increased protein synthesis could be apparent. 
Notably, the signalling responses were almost 
identical between conditions following the recovery 
phase of an acute exercise bout. A possible 
explanation could be that the differences of external 
mechanical loads used in the current study between 
BFR-RT and HL-RT were inadequate to induce a 
significant different response. For instance, BFR-
RT and HL-RT exercised with an external load 
during the squats corresponding to 50.5±9.8%/1RM 
and 72.8±6.2%/1RM, respectively. Hence, it is 
possible that a more distinct difference in relative 
external load between exercise conditions (e.g., 
30%/1RM vs. 80%/1RM) could have influenced 

the signalling responses, although this remains 
speculative and unknown .  
 We investigated several steps in the 
signalling pathways involved in the up-regulation 
of protein synthesis, and observed that p-p70S6K 
(Thr389) was significantly elevated at 2-h post-
exercise in both exercise conditions (Fig. 5). 
Interestingly, Gundermann et al. (2012) did not find 
any significant increase of p-p70S6K (Thr389) at 1-h 
post BFR-RT. The subjects in Gundermann et al. 
(2012) exercised with the same protocol 
(30-15-15-15 repetitions), despite using a lower 
relative load (20%/1RM compared to our 50%/
1RM). In addition, the leg extension was the only 
exercise performed, thus the protocol used by 
Gundermann et al. (2012) may have been sub 
maximal. Nonetheless, several investigations have 
reported elevated p-p70S6K (Thr389) at 3-h post-
BFR-RT (Fry et al., 2010; Fujita et al., 2007; 
Gundermann et al., 2012).  
 A recent study from Nakajima and 
colleagues (2018) studied the effects of low 
microvascular O2 partial pressures (P mvO2) during 
low-force electrical induced muscle contractions on 
muscle hypertrophy signalling in rodents. The 
r e d u c t i o n o f P m v O 2 e n h a n c e d r p S 6 
phosphorylation and potentiated the hypertrophic 
response. Lending support to the rodent study is  
Fry et al. (2010) demonstrating an increased rpS6 
phosprylation in the early phase (1-h) following 
BFR-RT in human subjects. In the present study, 
phosphorylation of rpS6Ser235/23 was not different 
between HL-RT and BFR-RT at any time points 
compared to baseline (Fig. 6). Only HL-RT 
obtained a significant time point interaction at 24-h, 
which is in line with other studies demonstrating 
that HL-RT potentiates the phosphorylation of rpS6 
(Glover et al., 2008; Mitchell et al., 2014). The 
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same pattern was observed with BFR-RT, although 
not significant (Fig. 6).  
 The multi-factor regulated protein 4E-BP1 
becomes inhibited through phosphorylation, which 
in turn detaches from the eIF4E protein (Holz et al., 
2005). This detachment allows the ribosome to 
bind to the mRNA to initiate translation, and thus 
increase the protein synthesis (Wackerhage, 2006). 
HL-RT is indeed showed to inhibit the activity of 
4E-BP1 immediately following exercise when 
mTORC1 is phosphorylated (Dreyer et al., 2006; 
Farnfield et al . , 2012), which was also 
demonstrated in our study (Fig. 7). Interestingly, 
the BFR-RT did not reach a significant interaction, 
despite a tendency (p=0.11) that was observed 2-h 
post-exercise. This tendency corroborates the 
results of the investigation of Fry and colleagues 
(2010), that demonstrated a tendency to a reduction 
in the activation of 4E-BP1 following (1 and 3-h) a 
BFR-RT session.  
 Intriguingly, our observations are in 
opposition to the study of Wernbom and colleagues 
(2013), that observed no changes of p-ERK1/2 
(Thr202/Tyr204) compared to baseline at any time 
points (1, 24 and 48-h) following BFR-RT exercise. 
Although the subjects in Wernbom et al. (2013)  
performed 5 sets to concentric failure (30%/1RM), 
the exercise volume are lower than in our study (5 
vs. 12 sets). Moreover, others have reported that p-
ERK1/2 (Thr202/Tyr204) was elevated at 4-h post-
exercise with 4 sets of 30%/1RM to failure (Burd et 
al., 2010) and elevated at 2 and 6-h post-exercise 
with HL-RT (65%/1RM and 80%/1RM) (Taylor, 
Wilborn, Kreider, & Willoughby, 2012). Moreover, 
Fry et al. (2010) demonstrated an early (1 and 3-h) 
increase of ERK1/2 and Mnk1 in response to a 
BFR-RT session (30-15-15-15, 20%/1RM). 
However, in our study, ERK1/2 showed a delayed 
phosphorylated response in both exercise 
conditions, which peaked at 24 and 48-h following 
the exercise bout (Fig. 8). 
 Additionally, it is important to consider the 
possible influence of different BFR-RT exercise 
protocols regarding the signalling responses in type 
I vs. type II fibers. Our lab has previously observed 
a more pronounced cellular stress response in type I 
than in type II fibers (Cumming, Paulsen, 
Wernbom, Ugelstad, & Raastad, 2014).  
 Collectively, ERK1/2 phosphorylation and 
the downstream regulators of mTORC1 attained an 
equalised post-exercise response with both 
exercising modalities in the present study. This 
indicates that the activation of both the mTORC1 
and the MAPK signalling pathway to be important 
as an anabolic signalling response underlying the 
observed muscle hypertrophy in either training 
modality. This may benefit our understanding of the 
molecular mechanisms underpinning muscle 
hypertrophy induced by BFR-RT and lend support 

to the BFR-RT strategies aiming to increase muscle 
mass. 

Strength Adaptations 
The HL-RT group achieved a significant 
improvement of strength, whereas the BFR-RT 
group did not improve strength (Fig. 2). The 
improvement of strength for HL-RT may be 
attributed to several mechanisms (i.e neural 
adaptations, training specificity, fascicle changes). 
To the authors’ knowledge, only one study has 
compared voluntary activation level through twitch 
interpolation technique following a training 
intervention of BFR-RT vs. HL-RT (Kubo et al., 
2006). Kubo and colleagues (2006) demonstrated 
an increased voluntary activation level by 
approximately 3% following 12 weeks of training 
with HL-RT, with no significant change in the 
BFR-RT group. Further, Moore and colleagues 
(2004) assessed voluntary activation before and 
after a long-term BFR-RT intervention and 
observed no significant increase in muscle 
activation. Moreover, we did not measure any 
fascicle lengths of the muscles in m. quadriceps, 
which could theoretically be influenced differently 
between the training modalities (HL-RT vs. BFR-
RT). This could potentially affect the peak force 
during the MVIC at the measured knee angle (70°) 
due to an improved myofilament overlap at that 
fascicle length. Furthermore, it is also plausible to 
speculate that the HL-RT group exercised with a 
greater intensity which mimics the subjective 
nature of a maximal voluntary contraction test, thus 
the training was more specific to the test setting. 
Despite the test specificity, theoretically favouring 
HL-RT, all participants were resistance trained and 
familiar with maximum force testing. In either way, 
most studies find HL-RT to be slightly superior 
regarding strength adaptations when compared to 
BFR-RT (Kubo et al., 2006; Libardi et al., 2015; 
Lixandrao et al., 2015; Martin-Hernandez, Marin, 
Menendez, Loenneke, et al., 2013; Ozaki et al., 
2013; Yasuda et al., 2011). Thus, in conjunction 
with the findings from our study, BFR-RT may not 
be as efficient as HL-RT to increase peak force 
output, which is in conformity with the existing 
literature (Lixandrao et al., 2018). 
 I t i s worth comment ing that our 
participants were strength trained individuals, and  
although no significant strength increase was 
obtained, no significant strength decrease was 
achieved either. This imply the possibility to use 
BFR-RT to maintain force production capacity e.g. 
during periods of mechanical de-loading. Finally, 
despite BFR-RT might not be considered optimal to 
induce strength adaptations, the literature 
demonstrates that individuals engaged in BFR-RT 
can increase muscle strength capacity (Ellefsen et 
al., 2015; Kubo et al., 2006; Vechin et al., 2015).  
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Muscle Hypertrophy  
Most of the previous studies (Ellefsen et al., 2015; 
Laurentino et al., 2012; Ozaki et al., 2013; 
Thiebaud et al., 2013; Vechin et al., 2015; Yasuda 
et al., 2011) as well as the current study (Fig. 3) 
indicate that BFR-RT may be an equally effective 
strategy to maintain and augment muscle 
hypertrophic adaptations compared to HL-RT. This 
can be employed by the athletic populations to 
temporarily minimise the stress on tendons and 
joints while maintaining sufficient stress to skeletal 
muscle to maintain adaptation (Cook, Kilduff, & 
Beaven, 2014). In addition, BFR-RT could be 
utilised to promote health and minimise muscle 
wasting in people who are briefly immobilised due 
to injury (Kubota et al., 2008) or used during 
rehabilitation when high external loading is often 
restricted (Hylden et al., 2015; Vanwye, 
Weatherholt, & Mikesky, 2017; Yow et al., 2018).  
 Despite being non-significant, there was a 
weak tendency (p=0.15) to favour BFR-RT vs. HL-
RT regarding hypertrophic adaptations measured 
with MRI (Fig. 4. 7.4±4.3% vs. 4.6±2.9%). In the 
recent meta-analysis of Lixandrao and colleagues 
(2018), only one BFR-protocol within one study of 
a total of 10 studies, demonstrated to favour BFR-
RT compared to HL-RT regarding muscle 
hypertrophic adaptations. Collectively, our results 
corroborate the assertion and key findings from the 
meta-analysis of Lixandrao et al., (2018), that BFR-
RT demonstrates similar efficacy regarding 
hypertrophic adaptations compared to HL-RT. 
 Finally, a more pronounced muscle 
hypertrophy may occur in type I fibers with BFR-
RT than type II fibers, recently demonstrated in our 
lab (Bjornsen et al., 2019). Whether BFR-RT 
induce muscle hypertrophy in type I fibers to a 
greater extent than type II fibers and whether the 
training modality BFR-RT vs. HL-RT targets 
different fiber types should be further examined.  

Safety Concerns  
During our 9 weeks exercise intervention, 
comprising of a total of 297 sessions of BFR-RT, 
only one adverse event transpired. One participant 
perceived strong pain near the occipital process 
during the leg press exercise. Participant was not 
breathing continuously during leg press, which may 
have elevated cerebral pressure. The headache 
lasted the remainder of the day (12-h) and the same 
pain was reported during the two consecutive 
exercise sessions, accordingly two weeks of rest 
was allocated to heal with a slow introduction to 
sessions after break. Besides the incidence, some 
minor bruises from the cuffs were reported by 
female participants and one participant noted some 
trivial dizziness at the onset of the exercise 
intervention. Hence, the findings from the literature  
(Bunevicius et al., 2016; Clark et al., 2011; 
Loenneke, Fahs, et al., 2011; Patterson & Brandner, 

2018) and our study, indicate that BFR-RT is a 
relative safe training method, however it should be 
noted that the possibilities of adverse effects cannot 
be ruled out unconditionally as with any exercise 
modality.  

Training Program  
The larger increase in session loads in BFR-RT 
(72%) compared to HL-RT (32%) during the 
intervention deserves a short comment. The 
difference is reasonably an outcome based on three 
conditions: (1) since our subjects were familiarised 
with the HL-RT method, they were able to start 
with a more correct load within the predefined sets 
and repetitions for the exercises than the BFR-RT 
group, (2) our subjects had not previously done any 
BFR-RT, thus the BFR-RT group required an 
introduction with slightly lower loads, (3) BFR-RT 
was initially (1-3 weeks) a painful method (based 
on the ratings of perceived pain from our subjects), 
however, following a couple of weeks subjects 
were getting accustomed to the BFR-RT protocol 
and managed to exercise with incremental loads. 
These factors might explain how the overall 
increase of external load were favouring the BFR-
RT vs. HL-RT.  
 The initial training loads for BFR-RT were 
~30%/1RM, however an unforeseen consequence 
of the study was that participants in the BFR 
condition appeared to tolerate higher loads 
(50±9%/1RM) than typically prescribed, despite 
still maintaining the 30-15-15-15 protocol. By 
utilising the repetitions in reserve method to 
standardise effort with training, we used a more 
ecologically valid way on increasing loads, as 
opposed to those typically used in tightly controlled 
research studies. 

Limitations  
Although an increased activation of the measured 
anabolic signalling proteins in the current study is 
linked with an increased muscle protein synthesis 
(Burd et al., 2010; Farnfield et al., 2012; Kumar et 
al., 2009; Nakajima et al., 2018), we did not 
measure the muscle protein synthesis directly. 
Since the acute study was performed succeeding 
the training intervention that demonstrated 
significant muscle hypertrophy, it is probable that 
the post-exercise signalling proteins were 
responsible for an up-regulation of the muscle 
protein synthesis accumulating into a net positive 
protein balance.  
 Another limitation regards the possibility 
of a type II error due to the relative low sample size 
(BFR-RT n=11, HL-RT n=10). The current study 
could conceivably benefit with additional subjects.  
 Finally, we cannot separate the anabolic 
signalling responses between type I and type II 
fibers. Thus we can’t rule out the possibility of a 
distinct signalling pattern between fiber types, or 
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the possibility that the two training modalities (HL-
RT vs. BFR-RT) triggers signalling cascades 
differently in relation to fiber types. Although, this 
is only apparent if one of the groups would have a 
higher distribution of either fiber types.  

Conclusion  
Overall, this study supports the application of BFR-
RT to induce hypertrophic adaptations comparable 
to HL-RT. Notably, BFR-RT and HL-RT 
demonstrated an equivalent activation of the 
investigated anabolic signalling proteins following 
an exercise bout of either training modalities. This 
indicates that performing low load resistance 
training accompanied by blood flow restriction 
close to concentric failure can trigger multiple 
hypertrophic pathways to a similar extent as seen 
with heavy load resistance training. This suggests 
that the activation of the mTORC1 pathway along 
with ERK1/2 to be important as a potential 
underlying anabolic signalling response of BFR-RT 
induced muscle hypertrophy. Consequently, BFR-
RT appears to be a well-tolerated and novel 
intervention that may be used to reduce external 
mechanical loading while inducing a potent 
anabolic response proceeding to muscle 
hypertrophy. 
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