
 

IMPACT OF EXERCISE WITH BLOOD FLOW RESTRICTION ON 

MUSCLE HYPERTROPHY AND PERFORMANCE OUTCOMES IN 

MEN AND WOMEN 

by 

Dawson Andrew Nancekievill 

Bachelor of Science in Kinesiology, University of New Brunswick, 2021 

A Thesis Submitted in Partial Fulfillment  

of the Requirements for the Degree of  

 

Master of Science in Kinesiology 

in the Graduate Academic Unit of Kinesiology 

 

Supervisor:               Martin Sénéchal, PhD., Faculty of Kinesiology 

Examining Board:   Danielle Bouchard, Ph.D., Faculty of  Kinesiology 

Éléonore Riesco, Ph.D. , Faculté des Sciences de l’Activite          

Physique Université de Sherbrooke 

  Jonathon Edwards, Ph.D., Faculty of Kinesiology, Chair 

 

 

This thesis is accepted by the 

Dean of Graduate Studies 

 

 

 

THE UNIVERSITY OF NEW BRUNSWICK 

December 2023 

© Dawson Nancekievill, 2023 



ii 

ABSTRACT 

Blood flow restriction training (BFRT) improves lean mass and strength. In BFRT 

studies, only 17-29% of participants were female. We compared lean mass and strength 

following 6-week BFRT between males and females. Thirty-eight adults (age, 25.3 ± 3.1 

years; female, n=19) participated. Exercises were performed at 30% of 1-repetition 

maximum (1-RM) and individual’s limb occlusion pressure set at 60%. Lean mass was 

assessed via dual-energy x-ray absorptiometry, strength was measured using 1-RM. A 

significant increase in lean mass was observed in males (p= .009) and females (p= .023) 

without group differences (p= .279). Both males and females increased 1-RM for upper- 

and lower-body exercises. However, there was a significant interaction effect (time x 

sex) for knee extension (p= .039), chest press (p= .002), and seated row (p= .033). Lean 

mass and muscle strength increased following six weeks of BFRT. Males may improve 

upper-body strength to a greater extent. 
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Chapter 1: Introduction 

Resistance training has been described as a “medicine,” as it has the ability to 

prevent several chronic conditions and contribute to maintaining good health 1,2. 

Likewise, it is generally understood that resistance training is beneficial for healthy, 

older, and injured populations. Specifically, it has been shown that resistance training 

can aid in the development of fitness and maintainence of health, which in turn protects 

against a number of chronic conditions such as type 2 diabetes mellitus, cardiovascular 

disease, cancer, and others 2. One potential reason for the benefits of resistance training 

is the change in body composition that occurs. Although resistance training may reduce 

fat mass, generally it leads to an addition of skeletal muscle mass 3–5. This addition of 

muscle is known as hypertrophy. It was well established that muscle hypertrophy occurs 

following moderate to heavy-load resistance training as well as resistance training to 

volitional failure using a lighter load 6,7. More recently a novel form of resistance 

training has emerged as an alternative to heavy-load resistance training. This type of 

resistance training is known as blood flow restriction training (BFRT) and combines 

very light loads with the use of a pneumatic cuff placed around the most proximal region 

of the exercising limb to partially restrict the blood flow 8.  

Briefly, BFRT (also known as KAATSU Training for the company that 

developed it) originated in Japan and has been developed over time since the mid-1900s. 

Since the 1990s it has undergone rigorous academic research to determine its efficacy as 

a low-load resistance training alternative. BFRT has been used in a wide range of 

populations; including elite and high-performance athletes, rehabiliating populations, 
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and elderly adults 9. In essence, BFRT allows for light loads to be used during resistance 

training by altering the blood flow into the exercising muscles and occluding the blood 

flow from leaving the muscles, inducing a high degree of metabolic stress which in turn 

is believed to stimulate muscle adaptation 8,10. Although BFRT is an effective low-load 

alternative to traditional heavy-load resistance training, there are potential risks with 

exercise of any kind and BFRT must be undertaken with care to ensure the safety of 

users. A national survery of KAATSU users in Japan found an extremely low incidence 

rate for any injuries while doing BFRT 11. Likewise, a number of best-practice 

guidelines and evidence-based reviews have been published to ensure safe use of BFRT 

8,12,13.  

It is understood that BFRT is capable of inducing muscle hypertrophy, but there 

is a lack of a consensus on the actual mechanisms. Within the literature there are several 

proposed theories on the underlying physiological mechanisms leading to muscle 

hypertrophy. First, due to the restricted blood flow out of the exercising muscles, there is 

a build up of metabolites leading to a blood pH shift which signals the expression of 

anabolic hormones 10. Second, Type II muscle fibres are recruited at much lower 

intensities, which is is thought to occur due to an earlier onset of fatigue in Type I fibres 

because of decreased oxygen delivery and metabolite clearance 10,14. In addition to these 

theories there are a combination of others, such as the roles that cell swelling and 

reactive oxygen species may play in signalling, but in the end it is likely a combination 

of a variety of these mechanisms that contribute to the hypertrophic effects of BFRT.  

Although the exact mechanisms of hypertrophy are not fully understood, there is 

substantial evidence that BFRT is capable of inducing muscle hypertrophy, increasing 
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strength, and improving functional outcomes. A number of studies have observed 

significant increases in muscle thickness, muscle cross-sectional area, and limb 

circumference in both the upper and lower extremeties. Of note, researchers using low-

load BFRT performed to failure saw an increase in thigh muscle thickness similar to the 

traditional resistance training group, however this was achieved with a 33% lower total 

exercise volume 15. Likewise, a 2021 study found similar increases in muscle size and 

muscle strength following short-term BFRT performed to failure and not to failure (four 

sets: 30-15-15-15 rep scheme) 16. In a study of females, both the quadriceps and 

hamstrings cross-sectional areas saw significant increases following a BFRT 

intervention 17. Together, along with other research highlighted in this document, it is 

apparent that low-load BFRT is a sufficient stimulus to induce muscle hypertrophy.  

Similarly, low-load BFRT has been shown to not only mediate muscle 

hypertrophy, but also increase muscle strength. Following a 4-week whole-body BFRT 

intervention, researchers observed significant improvements in 1-repetition maximums 

(1-RM) for the knee extension, back squat, calf raise, and seated row 18. Furthermore, 

improvements in 3-repetition maximum 19, 3-second maximal voluntary contraction 17, 

rate of force development 20, and repetitions to failure 19 have been shown to occur 

follow BFRT interventions, suggesting that BFRT is capable of producing significant 

strength improvements.  

Besides BFRT being shown to improve muscle strength and increase muscle 

hypertrophy, there is evidence to show that these physiological and morphological 

changes can be translated to improved physical function and performance. For example, 

four weeks of BFRT can significantly improve peak, average, and minimum power, as 
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well as isometric muscle strength in collegiate women, although this is one of few 

studies involving women 21. Researchers observed significantly greater power output 

following body-weight lunges in conjuction with blood flow restriction 22. In a study of 

semiprofessional male rugby players, vertical jump power and sprint performance were 

improved compared to the traditional resistance training group following only three 

weeks of BFRT 23. Likewise, increases in power have been observed in the upper body 

24. 

Although, these findings are positive, the vast majority of studies investigating 

BFRT include only college-aged males (i.e., between the ages of 18-25) 25. In fact, a call 

to action in a 2018 review highlights that in studies of chronic and acute (acute meaning 

one bout of exercise and chronic implying repeated bouts of exercise) BFRT, only 29% 

and 17%, respectively, of all participants are females 26. This fact necessitates an urgent 

response. There is no reason for the exclusion of women in BFRT research. This 

document will highlight the prominent research regarding muscle hypertrophy, strength, 

and performance. Likewise, an attempt will be made to equally highlight the very 

limited research pertaining to young women and propose why further research involving 

young women is necessary.  

Due to the limited evidence for BFRT with respect to women, the current project 

aims to provide insight as to how males and females may differ in response following 

six weeks of whole-body low-load resistance training combined with blood flow 

restriction. Therefore, the objective of this study is to investigate the impact of 6-week, 

whole-body BFRT on lean body mass, strength, and performance outcomes in males and 

females with the goal of adding to the growing body of literature, guiding future 
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research on sex differences, and allowing for more specific prescription of this exercise 

in female populations. 
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Chapter 2: Literature Review 

2.1 Introduction to Blood Flow Restriction Training 

Blood flow restriction training, specifically KAATSU Training, was developed 

in Japan in the 1960s and 1970s, but has since gained notoriety in the Western world for 

purposes ranging from rehabilitation to high-performance 27. Primarily, BFRT has been 

investigated as an intervention for rehabilitation purposes and for those who heavy-load 

resistance training is contraindicated, but has also been used in healthy populations and 

high-performance settings 9. BFRT constitutes undergoing exercise with reduced blood 

flow to the exercising limb through the use of a pneumatic cuff surrounding the 

proximal portion of the exercising limb. Blood flow is not fully restricted, but rather 

arterial blood flow is partially occluded while venous return is fully occluded leading to 

pooling of blood in the exercising limbs 8,28 

 The earliest intentional use of blood flow restriction was by Dr. Yoshiaki Sato 

(the founder of KAATSU Training) who used rudimentary blood flow restriction to 

rehabilitate a leg injury 27. Since then BFRT has been used extensively in rehabilitation 

settings as a means of improving functional outcomes and muscle mass 29–34. 

Alternatively, BFRT has also been researched in the context of healthy and athletic 

populations, as discussed later in this document. However, the significance of BFRT is 

that systematic reviews have shown that physiological adaptations have occurred using 

very low training intensities ranging from 10-50% of 1-RM 35–38. Training stimuli to 

induce similar adaptations generally require resistance training with loads from 70-85% 

1-RM 39. The practical application of BFRT is that similar muscular adaptations seen 
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from heavy-load resistance training can be achieved using significantly lesser loads in 

populations and settings where heavy-load resistance training may otherwise by 

contraindicated 32–34,36–38,40–45. However, a number of precautions must be taken to avoid 

potential injury.  

2.2 Safety Considerations for Blood Flow Restriction Training  

2.2.1 Adverse Events 

In the literature, some potential complications have been highlighted for 

individuals performing BFRT including venous thromboembolisms and pulmonary 

embolisms. However, a national survey of over 12,000 KAATSU users in Japan showed 

incidence rates of 0.055% and 0.008%, respectively 11. These incidence rates indicate 

the relatively low risk of BFRT, as the incidence of venous thromboembolisms and 

pulmonary embolisms in the general population are 0.12% and 0.06-0.07%, respectively 

46. Furthermore, reseachers in Brazil found that practitioners of BFRT reported low rates 

of adverse events amongst their participants 47. Therefore, although BFRT must be 

undertaken with care – preferably administered and supervised by a trained practitioner 

– the actual occurrences of serious complications are rare. The authors of multiple 

reviews state that they are confident there are minimal side-effects, especially when 

performed with the appropriate population and in the presence of a trained practitioner 

48,49.  

Although BFRT has been demonstrated to be a safe exercise modality in young, 

healthy adults when administered appropriately, extra precautions should be taken with 

specific populations to mitigate the chance of serious adverse events. Specifically, BFRT 
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may not be appropriate for pregnant individuals or individuals with uncontrolled 

hypertension, uncontrolled diabetes, or any individual with a history of thrombotic 

events or is at greater risk for thrombosis 12,48,50,51.  

Furthermore, a study examining the effects of BFRT on thrombin and clot 

formation factors showed that BFRT does not activate the coagulation system in healthy 

adults, suggesting that low-load BFRT is a safe method of training 52. However, low-risk 

side-effects such as delayed-onset muscle soreness, tingling, and numbness have been 

reported previously as common side-effects of BFRT 11,13,47,48, hence proper care must 

be taken to both ease participants into the exercise modality and to ensure proper safety 

needs are being met.  

2.2.2 Cuff Placement, Size, and Material  

When applying the KAATSU Training cuffs, they should be tightened snugly 

around the proximal portion of the exercising limb so that no more than one finger can 

fit between the cuff and the upper limb or no more than two fingers can fit between the 

cuff and the lower limb 27.  
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Figure 1. Diagram illustrating approximate arm cuff placement for upper limb BFRT. 

(Used with permission from KAATSU Global, Inc.). 

Figure 2. Diagram illustrating approximate leg cuff placement for lower limb BFRT. 

(Used with permission from KAATSU Global, Inc.). 

The pressure necessary to reduce blood flow to the exercising limb is largely determined 

by the width of the cuff – such that wider cuffs require lower overall pressure and 
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narrow cuffs require higher overall pressures 13,53. When referenced in the literature, 

narrow cuffs are typically considered to be 5 cm – the width of KAATSU cuff bands – 

and wide bands are typically considered to be anything wider than 5 cm 53. KAATSU 

offers small, medium, large, and extra-large bands to appropriately meet the demands of 

a variety of body types. Based on a review of the literature, it is suggested that varied 

cuff widths can be used, as long as cuff pressure is set appropriately using a relative 

percentage of limb occlusion pressure 13. Patterson et al. (2019) suggested that the 

material of cuff (nylon versus elastic) had a negligible impact on muscular adaptations 

as a variety of materials have shown muscular adaptations 8,13. Researchers agree that 

regardless of cuff material and width, the factor most important to adaptation is the 

occlusion pressure 8,13,54. 

2.2.3 Determining Pressure 

Early BFRT research often used an arbitrarily determined absolute restrictive 

pressure ranging from as low as 50 mmHg to pressures in excess of 200 mmHg 8,55. The 

trend over time has shifted away from arbitrary pressures towards using a personalized 

percentage of limb occlusion pressure (LOP) 54–57. A 2013 review suggested that by 

arbitrarily setting the restriction pressure, subjects may undergo blood flow occlusion 

rather than restriction 55. Similarly, higher pressures under the cuffs have been 

associated with an increased risk of nerve-related injury, hence the importance of using 

an individualized LOP 54. In fact, Loenneke et al. (2014) hypothesize that BFRT may 

follow the hormesis theory; such that a low or moderate pressure dose provides 

beneficial results but too high of a pressure dose may decrease the benefits (i.e., more of 
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a good thing is not necessarily better) 28. Needless to say, in order for BFRT to remain a 

viable and safe option, administration should be undertaken with care and the use of 

personal LOP should be used. 

In order to personalize pressures to each exercising individual, the pressure 

necessary to fully occlude the vasculature must be found. Once the LOP is determined, 

the chosen percentage for the intervention can be applied. There have been a variety of 

methods reported in the literature to determine LOP. The primary method to determine 

LOP, rather than using an arbitrary value, has been to use a Doppler ultrasound probe 

32,33,42,58. Some researchers have attempted to use pulse oximetry to show LOP, but this 

has only been validated in the upper limbs as there are significant discrepancies between 

Doppler ultrasound and pulse oximetry results in the lower limbs for determining LOP 

59. In addition, researchers have utilized the technology already used by surgeons by 

using an automated tourniquet system which provides the LOP via the computer monitor 

on the device 18,54,60,61. However, these methods either require the use of costly 

equipment or well-trained technicians and can be time-consuming. Loenneke et al. 

(2015) developed regression models to determine LOP using the individual’s resting 

systolic and diastolic blood pressure and their limb circumference – two of the primary 

factors impacting LOP 62. These models were developed using 171 participants, both 

male and female, and have been utilized in blood flow restriction research 21,63.  

Although these equations developed by Loenneke et al. (2015) have modest R-

squared values of 0.61 and 0.49 for the upper and lower limbs, respectively 62, they have 

been successfully utilized in a BFRT intervention of trained athletes leading to 

significant improvements in muscle hypertrophy and functional outcomes with no 
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reported side effects 21. A study comparing the impact of various cuff pressures showed 

similar effects on muscle size, torque, strength, and endurance between 40% and 90% 

pressures 64. Similarly, following an 8-week BFRT intervention comparing 40% and 

80% LOP, muscle size and strength was improved similarly between conditions 65. 

These findings imply that as long as the cuffs are set to approximately 60% of LOP 

based on the equations by Loenneke et al. (2015), participants should undergo a similar 

stimulus. 

 Although early blood flow restriction research often utilized an arbitrarily 

determined pressure 66–70, more recently researchers have consistently advocated for the 

use of personalized pressures 54–57. An early review article on enhancing muscular 

development using BFRT suggests occlusion pressures ranging from 50-80% of LOP 57. 

A 2019 review recommends setting blood flow restriction pressure between 40% and 

80% of LOP 56. And most recently, in agreement with Scott et al. (2015) and Patterson et 

al. (2019), a systematic review by Das and Paton (2022) showcases that using 50-80% of 

LOP was optimal for BFRT 71.  

Several studies are featured below with varying protocols and populations 

highlighting the efficacy of the use of percentage of LOP in BFRT. A recent study using 

60% and 80% of LOP as minimum and maximum thresholds for BFRT, respectively, 

saw significant strength improvements in patients with chronic atrophic leg musculature 

following surgery 72. Noyes and colleagues (2021) saw an increase in lower limb 

strength of greater than 20% in over 80% of patients following as few as 18 BFRT 

sessions 72. A whole-body strength intervention investigating low-load BFRT saw 

significant increases in 1-RM and muscle mass following 8-weeks of BFRT at 60% of 
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LOP 18. Using 70% of LOP, researchers saw significant functional and strength 

improvements in individuals with knee osteoarthritis following 12-weeks of BFRT, 

comparable to traditional high-load resistance training 58. Similar to Ferraz et al. (2018), 

significant improvements in the functionality of sarcopenic women using 80% of LOP 

were observed following a 16-week intervention 32. Furthermore, a low-load BFRT 

intervention of females with rheumatoid arthritis saw a significant increase in 

hypertrophy and strength using approximately 70% of LOP 42. Altogether, these results, 

as well as the recommendations from countless researchers, suggest that using personal 

LOP is a safe and effective method of using BFRT, as opposed to alternative methods of 

determining cuff pressure. 

2.3 Resistance Exercise and Blood Flow Restriction 

2.3.1 Mechanisms of Muscle Hypertrophy Following Blood Flow Restriction 

Some of the primary areas of research regarding BFRT is stimulating muscle 

hypertrophy; the cause of muscle hypertrophy following resistance training with blood-

flow restriction; and the implications blood-flow restriction-induced muscle hypertrophy 

has for a number of populations. Although blood flow restriction has been shown to 

induce muscle hypertrophy while using very low loads of resistance 15,17,18,20,32,40,58,73–76, 

there is not a complete understanding of the underlying physiology that promotes this 

hypertrophy. However, there have been several hypotheses proposed as to how low-load 

BFRT induces muscle hypertrophy. 

Primarily, the increased metabolic stress that BFRT induces is suggested to 

mediate a large portion of the hypertrophy observed 10,14,57,61,77. As blood lactate levels 
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increase and blood pH levels decrease, the muscle cells begin to undergo metabolic 

stress 10. This increased metabolic stress in the muscle is thought to promote muscle 

growth by facilitating the expression of key anabolic hormones such as growth hormone, 

insulin-like growth factor-1, and mechano-growth factor. Specifically, an acute ninefold 

increase in serum growth hormone was observed following five sets of knee extensions 

with a relatively high occlusion pressure and a fourfold increase in serum growth 

hormone was observed following low-intensity BFRT 78,79. As well as a heightened 

endocrine response of anabolic hormones and this increased metabolic stress, the 

expression of specific proteins has been suggested to initiate other mechanisms of 

muscle hypertrophy 14,80. 

Specific proteins known as myokines play an integral role in muscle hypertrophy 

81. These proteins (myokines) are produced following muscle contraction and have a 

variety of effects on the physiology of muscle cells. Some key myokines that have been 

suggested to play a role in hypertrophy following BFRT are interleukin-4 (IL-4), IL-6, 

IL-7, and leukemia inhibatory factor (LIF) 14,80,81. A study observed concentrations of 

IL-4, IL-6, IL-7, and LIF all peaked following an acute bout BFRT suggesting that they 

may all contribute to muscle hypertrophy as fat free mass was significantly increased 

following 12-weeks of training in young males 80. Likewise, the same study showed a 

relationship between the area under the curve of IL-4, IL-6, and LIF and percent change 

in strength per kilogram of fat-free mass suggesting these myokines may contribute to 

mechanistic adaptations 80.  On top of the increased concentrations of these key proteins, 

BFRT has been shown to activate a key cell growth pathway that can regulate muscle 

hypertrophy 82. The mammalian target of rapamycin (mTOR) is a cell growth pathway 
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critical for regulation of muscle hypertrophy 82. It has been shown that production of 

nitric oxide, as well as secretion of IL-6 and LIF – all metabolites produced during low-

load BFRT – can upregulate the mTOR pathway 14,80. Together, it appears that a variety 

of key proteins and pathways contribute to stimulating muscle hypertrophy following 

BFRT.  

BFRT research has demonstrated that fast-twitch (Type II) muscle fibres can be 

recruited at much lower intensities than typical 14. This early recruitment of Type II 

muscle fibres is likely due to the decreased oxygen delivery and increased metabolic 

stress resulting in premature fatigue of the slow-twitch (Type I) muscle fibres 10. For 

example, in a 2000 study by Takarada et al., EMG values were comparable between the 

low-load BFR and high-intensity groups suggesting a sufficient number of Type II fibres 

were recruited during low-load BFRT to invoke similar muscle activation as during 

high-intensity training 83. Likewise, Yasuda et al., (2009) demonstrated that low-load 

BFRT leads to significantly greater muscle activation than low-load muscle contractions 

without BFR, indicating a potentially greater recruitment of Type II muscle fibres 84. 

However, it should be noted that BFRT does not necessarily recruit as many Type II 

muscle fibres as traditional heavy-load resistance training 14. In fact, it appears as though 

Type I muscle fibres undergo greater adaptation than Type II muscle fibres. Two studies 

by Bjørnsen and colleagues showed that Type I muscle fibres underwent greater 

metabolic stress, and a greater number of satellite cells and myonuclei are generated in 

Type I muscle fibres when compared to Type II muscle fibres 16,85. However, taken 

together it appears as though muscle fibre recruitment plays some role in muscle 

hypertrophy following low-load BFRT.  
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There are several other points of view surrounding potential mechanisms of 

muscle hypertrophy following low-load BFRT. Reactive oxygen species (ROS), which 

play a key role in cell signalling, have been suggested as a further mechanism for muscle 

hypertrophy 10,15. However, mechanical tension, rather than metabolic stress, has been 

shown to be the dominant factor stimulating ROS development decreasing the likelihood 

that ROS play a significant role in muscle hypertrophy following low-load BFRT 86. A 

novel theory of a potential factor for muscle hypertrophy is cell swelling. As metabolites 

accumulate during BFRT, this creates a pressure gradient driving blood into the muscle 

fibres 87. This is thought to lead to intracellular signalling to reinforce the cells as the 

structural integrity of the cell membrane is threatened by the swelling, as well as 

stimulate proliferation of satellite cells 87. Unfortunately, research on the influence of 

cell swelling on hypertrophy is very limited denying the ability to draw any conclusive 

decisions. Although it is agreed that BFRT results in increased metabolic stress for the 

muscles leading to a cascade of other affects, there is still not a complete understanding 

of the hypertrophic effects of BFRT. 

2.3.2 Impact of Blood Flow Restriction on Muscle Hypertrophy 

Although the cellular physiology behind muscle hypertrophy following low-load 

BFRT is not fully understood, there is numerous research indicating that it can induce 

muscle hypertrophy. A 6-week intervention comparing low-load BFRT performed to 

failure compared to traditional low-load resistance exercise saw a 7.6% increase in 

vastus lateralis muscle thickness in the BFRT condition 15. Although this was not 

significantly different from the traditional low-load group, this adaptation was achieved 
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with a 33% lower total exercise volume indicating that low-load BFRT is capable of 

inducing muscle hypertrophy with a reduced workload. However, this was only 

observed in a sample of 10 young, healthy males reducing its generalizability.  

An intervention with collegiate track athletes performing BFRT twice daily for 

eight days saw significant increases in muscle-bone cross-sectional area and quadricep 

and hamstring muscle thickness of 4.5%, 5.9%, and 4.5%, respectively 74. Although 

promising, training twice daily is not feasible for the general population. Another study 

involving sprinters saw muscle hypertrophy following six weeks of BFRT performed 

twice per week in the intervention group versus a control group 20.  Significant 

hypertrophy occurred in the rectus femoris of the intervention group from pre- to post-

intervention, as well as between the intervention and control groups 20. No significant 

hypertrophy was observed in the biceps brachii or biceps femoris following sprint 

training in combination with BFRT 20. A difference to note between the studies by Abe 

et al. (2005) and Behringer et al. (2017) is the number of sessions performed and the 

length of time they are performed over. Abe et al. (2005) performed an 8-day study that 

included 16 training sessions, whereas the study by Behringer et al. (2017) used 12 

training sessions over six weeks suggesting that BFRT is capable of inducing muscle 

hypertrophy over a variety of intervention durations in well-trained individuals.  

In one of the few BFRT studies with a young, female population, 

Manimmanakorn et al. (2013) observed substantial increases in quadricep and hamstring 

cross-sectional area in the BFRT group compared to the low-load training group 17. 

Specifically, the quadricep cross-sectional area increased by an average of 5.7% and the 

hamstring cross-sectional area by an average of 7.7%. As well as being a young, female 
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population, this sample were also highly-trained athletes suggesting that BFRT is 

sufficient to induce muscle hypertrophy in trained, female populations. In a recent study 

of resistance-trained males and females, following nine weeks of BFRT performed three 

times per week, significant time effects for quadriceps cross-sectional area and lower 

body lean mass were observed in both the low-load BFRT and heavy-load resistance 

training groups 88. No interaction effects were observed, highlighting that low-load 

BFRT was as effective as heavy-load resistance training for inducing muscle 

hypertrophy in resistance trained males and females 88. Similarly, in a sample of 

American football athletes, following a 7-week protocol significant increases were 

observed in thigh and arm circumferences 89. Conversely, a sample of Australian 

football players did not increase their muscle thickness or muscle pennation angle 19. 

Worth noting regarding the studies in Australian football players: the two interventions 

had different intervention lengths, different training protocols, and used elastic wraps to 

induce BFR which could lead to variability in the LOP being used. Needless to say, the 

7-week protocol (which included more total exercise volume) was the intervention that 

observed significant increases in hypertrophy.  

A number of other studies have also observed increases in thigh hypertrophy 

following BFRT interventions 73,83,90,91. Likewise, several studies have noted increased 

hypertrophy of the pectoralis major following BFRT 75,90,92, although other studies report 

no change in pectoralis major hypertrophy following BFRT 18,89. Of the studies 

investigating chest adaptation 75,89,90,92, only Brandner et al. (2019) included females in 

their sample, but failed to account for sex in their statistical analyses. All other studies 

included samples of young, well-trained males.  
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Other musculature that has undergone muscle hypertrophy following BFRT 

include the triceps brachii 18,75,92, biceps brachii 18, forearm 90, calf 18, and less 

specifically, the upper arm 90. Furthermore, a 2017 systematic review and meta-analysis 

supports that low-load BFRT induces similar hypertrophic results as traditional high-

load resistance training 93. Altogether, it is evident that low-load BFRT is capable of 

inducing muscular hypertrophy similar to that observed using traditional resistance 

training and following a variety of interventions. 

2.3.3 Impact of Blood Flow Restriction on Muscle Strength 

 A further adaptation to BFRT is an increase in muscle strength. Numerous 

studies have investigated how low-load BFRT compares to traditional resistance training 

and whether it is an effective strategy for improving muscle strength. In an exercise 

intervention examining the effectiveness of BFRT performed to failure rather than a set 

number of repetitions, researchers observed significant improvements in leg 1-RM 

despite 33% less work volume (load x repetitions) in the BFRT group 15.  

A study of collegiate sprinters using BFRT twice daily for eight days saw a 

significant 9.6% increase in isotonic leg press strength 74. Conversely, a six-week BFRT 

sprint intervention produced no significant improvement in maximal isometric leg press 

force production 20. Howevever, a significant improvement in rate of force development 

was observed in the BFRT group 20. Together, these results indicate that BFRT, in 

combination with sprinting, may lead to isotonic, but not isometric strength 

improvements in well-trained athletes.   
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Although greater improvements were observed in a heavy-load group, 

researchers observed significant improvements in upper- and lower-body strength 

following a four-week low-load BFRT intervention 18. Specifically, 1-RM improved 

from baseline to post-testing in the low-load BFRT group for knee extension, back 

squat, and bicep curl, and for calf raise and seated row at the mid-point testing, but no 

improvement in bench press was observed 18. Interestingly, Ozaki et al. (2013) observed 

significant improvements in bench press 1-RM following only three weeks of BFRT 75. 

A key difference between Brandner et al. (2019) and Ozaki et al. (2013) is that the latter 

did not include females in their sample.  

A study examining the effects of supplemental low-load BFRT in team sport 

athletes observed significant increases in both 3-repetition maximum and repetitions to 

failure 19. Following 6-week BFRT, male professional soccer players saw significant 

improvements in knee extensor and knee flexor strength which were similar to the 

increases seen in the traditional training group 91. Interestingly, the dominant limb in the 

BFRT group saw a greater increase in knee extensor strength compared to the dominant 

limb in the traditional training group 91. Similarly, a study investigating the impact of 

BFRT on muscle strength in netball players observed significant improvements in 3-

second maximal voluntary contraction 17. Furthermore, a seven-week trial using blood-

flow restriction in collegiate American football players significantly improved squat 1-

RM 89. Based on these findings, it is apparent that low-load resistance training in 

combination with blood-flow restriction is able to induce increases in muscle strength in 

healthy and well-trained adults. However, further investigation is warranted to 

investigate the generalizability of BFRT to increase strength.  



21 

 

2.3.4 Blood Flow Restriction and Performance Outcomes 

 Although BFRT has primarily been investigated as a tool to enhance muscle 

hypertrophy in a variety of populations, there has been some research exploring the 

impact BFRT has on performance and functional metrics such as power output, dynamic 

balance, and jump height. Researchers examining the affects of manipulating cuff 

pressure and exercise intensity observed significant improvements in peak power, 

average power, minimum power, and isometric muscle strength following four weeks of 

BFRT in physically active collegiate women 21. Similarly, in a small sample of healthy 

young males, average power was significantly improved only in the blood flow 

restriction group following six weeks of resistance training 15. This group saw an 18% 

greater power output from baseline despite a 33% lower overall work volume 

(repetitions x load) than the control group 15. In an exercise trial investigating the impact 

of the body-weight lunge exercise in combination with blood-flow restriction on jump 

height, researchers observed a significant improvement in power production 22. 

Furthermore, researchers have shown that BFRT has the ability to improve peak, 

minimum, and average power in the upper-body as well 24. Wilk et al. (2020) saw 

significant increases in power and maximal velocity during a bench press after using 

blood-flow restriction 24. It is evident that BFRT has the ability to induce increases in 

power output both in the upper- and lower-body.   

A currently underresearched area in the BFRT literature is with respect to 

dynamic balance. Improving balance may reduce risk of injury, and as aging occurs, 

may reduce the risk of falls. Although young adults may not be immediately at-risk for 

fall-related incidents, improving power output and dynamic balance may serve to protect 



22 

 

against age-related falls or immobilization as they age 94,95. A study of male and female 

athletes with chronic ankle instability showed significantly improved Y-Balance Test 

composite scores following six weeks of BFRT, however results did not differ between 

the BFRT group and the rehabilitation group 96. In a study of 46 adults with a history of 

functional ankle instability, significant improvements in Y-Balance Test composite 

scores were observed in as little as three weeks for the BFRT group 97. Over the 6-week 

intervention, dynamic balance increased similarly between the traditional training group 

and the BFRT group 97. Both of these studies investigated the effects of ankle stability 

training with BFR on dynamic balance, but no study to date, to the best of my 

knowledge, has investigated whole-body BFRT in a healthy population and its impact on 

dynamic balance. 

 Jump height has been used as a practical performance metric in the blood-flow 

restriction literature. However, there have been conflicting results as to whether or not 

BFRT improves jump height. Rohde et al. (2021) showed that after 8-weeks of 

hypertrophy training, jump height significantly improved from baseline to post-

intervention for both the high-load (no blood-flow restriction) and the low-load blood-

flow restriction groups, with no significant differences between groups, suggesting that 

BFRT may be a suitable mechanism to improve jump performance 76. Likewise, it has 

been shown that just three-weeks of body-weight lunge exercises with blood-flow 

restriction can significantly improve jump height by approximately 4% 22. In a study of 

well-trained male volleyball players, using 70% 1-RM with BFR lead to significant 

improvements in squat jump and 3-step approach vertical jump height 98. These results 

were significantly improved from baseline and significantly greater than the traditional 
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heavy-load resistance training and the low-load (30% 1-RM) BFR group 98. However, it 

is worth noting that the BFR device used in this study by Wang et al (2022) has been 

called into question regarding its ability to achieve sufficient pressures 99. However, 

contradictory to Rohde et al. (2021), Doma et al. (2019), and Wang et al. (2022), 

multiple studies have found no improvement in jump performance following BFRT, but 

this discrepancy could be due to participants in these studies already being well-trained 

individuals 73,74,100.  

 Following four weeks of maximal half-squat jump training with and without 

blood-flow restriction, only the non-blood-flow restriction group saw significant 

improvements in jump height 73. Although both groups significantly increased lean body 

mass, leg circumference, and knee flexion, only the control group (no BFRT) achieved 

significant improvements in the squat and countermovement jumps 73. Likewise, 

following a five-week resistance training program in Australian football athletes, no 

improvements in jump height were observed in the blood-flow restriction group 19.  

However, contrary to the findings from Horiuchi et al. (2018), there were no significant 

improvements in jump height in the control group either 19. In an eight-day study of 

BFRT performed twice daily, no significant changes were observed in jump distance for 

either standing jump, standing triple jump, or standing 5-step jump 74. There is a 

discrepancy in the current literature surrounding the impact of BFRT on jump 

performance. This lends itself to further research on the topic to solidify our 

understanding of the impact BFRT has on performance metrics such as jump height. 

 As evidenced by a review of the current literature exploring functional and 

performance outcomes following BFRT interventions; although there exists research on 
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the impact of BFRT on power and jump height, there is limited research investigating 

dynamic balance and there exists discrepancies in the findings related to jump 

performance. Furthermore, other than the studies by Amani-Shalamzari et al. (2019), 

Werasirirat & Yimlamai (2022), and Rohde et al. (2021), no other study included 

women in their sample and Rohde et al. (2021) did not account for sex in their analysis. 

This warrants further research to better understand the impacts BFRT has on functional 

and performance outcomes in men and women alike.  

2.4 Blood Flow Restriction and Sex Differences 

Although it has been established that BFRT is an effective means of producing 

muscle hypertrophy, increasing strength, and improving functional and performance 

outcomes, there is little research with regard to how young, healthy women may respond 

to BFRT. Counts et al. (2018) stress that only 17% of all participants in chronic BFRT 

studies were young females 26. The authors present a graphical figure to illustrate this 

skewed representation in the literature (Figure 1) where it is evident that there is nearly 

three males to ever one female in chronic exercise BFRT studies.  
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Figure 3. Distribution of Participants in Blood Flow Restriction Studies 

Note. The total number of participants included in all blood flow restriction studies 

categorized by study durations, then separated by sex and age. From “Let’s talk about 

sex: where are the young females in blood flow restriction research?,” by B. R. Counts, 

L. M. Rossow, K. T. Mattocks, J. G. Mouser, M. B. Jessee, S. L. Buckner, S. J. Dankel, 

& J. P. Loenneke, 2018, Clinical Physiology and Functional Imaging, 38, pp. 1-3. 

Reprinted with permission.  

 

The authors suggest that rather than excluding young females from BFRT research, both 

sexes should be included and results plotted separately to investigate whether any sex 

differences exist 26. Although young females have historically been excluded from 

BFRT research, there are some exceptions. 

 In a study of 17 young females examing the effects of eccentric resistance 

training and blood flow restriction, a significant increase in arm circumference, muscle 

thickness, cross-sectional area, and 1-RM was observed 101. No group differences were 

observed, suggesting that low-load eccentric BFRT is as effective as traditional eccentric 

training in females 101. Likewise, similar levels of muscle hypertrophy were observed in 

their sample of females compared to previous results in males, but no direct comparisons 
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could be performed 101. In a 12-week intervention comparing heavy-load resistance 

training to low-load BFRT in young women, researchers reported similar functional and 

physiological adaptations 102. However, in a study of 40 untrained women (18-40 years) 

no significant improvements in muscle power were observed following eight sessions of 

low-intensity BFRT 103. The authors did observe an improvement in submaximal knee 

extension strength 103.  Together these studies suggest that BFRT may induce muscular 

adaptations across four- and 12-week interventions in young women. However, the 

limited and conflicting literature implies a need for further research to better understand 

whether BFRT training influences performance outcomes in men and women.  

 Additionally, there have been a few studies specifically investigating sex 

differences following BFRT, however these have not investigated muscle hypertrophy 

response to BFRT. Freitas et al. (2020) investigated acute physiological responses to 

traditional and practical BFRT in untrained men and women, such as muscle swelling, 

whole blood lactate, hematocrit, and surface electromyography 104. It was observed that 

males displayed greater surface electromyography amplitude during leg press and whole 

blood lactate levels 15 minutes post-exercise compared to females 104.  Dankel et al. 

(2016) explored whether post-exercise blood flow restriction would augment muscle 

hypertrophy 105. Applying blood flow restriction immediately following traditional high-

load resistance training did not augment muscle hypertrophy, and appeared to attenuate 

muscle growth in the female sample 105. In an investigation of muscle fatigue response 

following low-load BFRT, reseachers observed a similar relative torque decrement 

between both sexes suggesting that the fatigue induced by low-load BFRT occurs 

similarly in both males and females 106. A study comparing 10 males and 10 females 
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performing low-load knee extension to failure showed that females performed 

significantly more repetitions, but had similar torque decrements and electromyography 

activity to the males 107. This suggests that females have greater muscular endurance 

even under blood flow restricted conditions 107. Altogether, there are several studies 

examining sex differences following BFRT; each investigating a variety of outcomes.  

 Although a study of solely young females showed that low-load BFRT was 

capable of inducing muscular hypertrophy, no further studies have confirmed these 

findings nor compared the results to males undergoing the same exercise intervention 

101. Specifically, there have been no studies investigating sex differences in muscle 

hypertrophy following BFRT and a 2021 review article highlights the continued absence 

of young females in BFRT research 25. Together with the varied results in female-only 

studies, this indicates a need for further research to examine any potential differences in 

how males and females respond to a BFRT resistance exercise intervention.  

2.5 Knowledge Gap 

 As previously outlined, there is a substantial gap in the literature surrounding 

how males and females may be impacted differently following BFRT. Although some 

studies exist examining sex differences following a BFRT intervention, these studies 

have investigated outcomes such as electromyography signal 104,107, muscle fatigue 

based on torque and maximal voluntary contraction 106,107, metabolic responses 104, and 

post-exercise application of blood flow restriction 105. However, there is some 

understanding in the literature regarding physiological sex-differences following 

exercise without blood flow restriction. It is understood that typically, males have a 
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greater proportion of Type II muscle fibers and females have greater proportions of Type 

I muscle fibers 108,109. Due to this difference in muscle fiber type areas, females have 

greater oxidative capacity and tend to undergo less metabolic stress during high-intensity 

exercise, which could translate to less adaptative stimulus than males at the same work 

intensity 110.  

No study thus far has investigated whether whole-body muscle hypertrophy 

response following a chronic BFRT intervention differs between the sexes. However, 

Wells et al. (2019) did observe muscle hypertrophy following a four-week BFRT 

intervention in a female-only sample and reported that their findings were similar to 

previous results observed in males 101. However, no further study has supported or 

refuted this finding.  

 The relevance of increased lean body mass in a young population is that 

increased predicted lean body mass has been shown to be protective against 

development of cardiovascular disease 111. This population-based cohort study of 3.7 

million young Korean adults (64.5% males) showed that increasing lean body mass and 

appendicular skeletal muscle mass was protective against cardiovascular disease, but 

that decreases in these muscle masses were associated with greater risk of cardiovascular 

disease 111. Likewise, a prospective cohort study of 38,006 American adult males 

showed that too low of lean body mass increases risk of all-cause mortality, 

cardiovascular disease, and cancer 112. Furthermore, a 2018 review of epidemiological 

studies linking body composition of the general population and mortality showed that 

adults with low lean body mass had an increased risk of mortality 113. In another 

population-based cohort study of 11,687 American adults (≥ 20 years old, no indication 
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of proportion of sexes), researchers indicated that for any BMI ≥ 22 (i.e., “normal”), low 

muscle mass indicated a greater risk of diabetes and mortality 114. 

 Altogether, these findings suggest that increasing lean body mass is not only 

relevant, but imperative for the sustained health of young adults. Increasing muscle mass 

might have previously been viewed as an athletic endeavour and weight loss viewed as a 

health endeavour, but it is now understood that fat mass and muscle mass play 

independent roles in long-term health and each serve their own purpose. By better 

understanding the effects of BFRT on lean body mass of males and females, better 

prescription of exercise can be utilized to maximise lean body mass increases.  

2.6 Objectives and Hypotheses 

Objective 1: Determine whether any differences in lean body mass or strength are 

observed between males and females following a six-week whole-body resistance 

training program with blood flow restriction.  

Hypothesis 1: We hypothesize that following a six-week whole-body resistance training 

program with blood flow restriction, we will see sex-specific adaptations in lean body 

mass, strength, and performance outcomes.  

 

 

 

 



30 

 

2.7 References 

1. Westcott, W. L. Resistance Training is Medicine: Effects of Strength Training on 

Health. Curr. Sports Med. Rep. 11, (2012). 

2. Mcleod, J. C., Stokes, T. & Phillips, S. M. Resistance Exercise Training as a 

Primary Countermeasure to Age-Related Chronic Disease. Front. Physiol. 10, 

(2019). 

3. Wewege, M. A. et al. The Effect of Resistance Training in Healthy Adults on Body 

Fat Percentage, Fat Mass and Visceral Fat: A Systematic Review and Meta-

Analysis. Sports Med. 52, 287–300 (2022). 

4. Benito, P. J., Cupeiro, R., Ramos-Campo, D. J., Alcaraz, P. E. & Rubio-Arias, J. Á. 

A Systematic Review with Meta-Analysis of the Effect of Resistance Training on 

Whole-Body Muscle Growth in Healthy Adult Males. Int. J. Environ. Res. Public. 

Health 17, 1285 (2020). 

5. Hagstrom, A. D., Marshall, P. W., Halaki, M. & Hackett, D. A. The Effect of 

Resistance Training in Women on Dynamic Strength and Muscular Hypertrophy: A 

Systematic Review with Meta-analysis. Sports Med. 50, 1075–1093 (2020). 

6. Schoenfeld, B. J. The Mechanisms of Muscle Hypertrophy and Their Application to 

Resistance Training. J. Strength Cond. Res. 24, (2010). 

7. Krzysztofik, M., Wilk, M., Wojdała, G. & Gołaś, A. Maximizing Muscle 

Hypertrophy: A Systematic Review of Advanced Resistance Training Techniques 

and Methods. Int. J. Environ. Res. Public. Health 16, 4897 (2019). 



31 

 

8. Scott, B. R., Loenneke, J. P., Slattery, K. M. & Dascombe, B. J. Exercise with Blood 

Flow Restriction: An Updated Evidence-Based Approach for Enhanced Muscular 

Development. Sports Med. 45, 313–325 (2015). 

9. Pignanelli, C., Christiansen, D. & Burr, J. F. Blood flow restriction training and the 

high-performance athlete: science to application. J. Appl. Physiol. 130, 1163–1170 

(2021). 

10. Manini, T. M. & Clark, B. C. Blood Flow Restricted Exercise and Skeletal Muscle 

Health. Exerc. Sport Sci. Rev. 37, 78–85 (2009). 

11. Nakajima, T. et al. Use and safety of KAATSU training:Results of a national survey. 

Int. J. KAATSU Train. Res. 2, 5–13 (2006). 

12. Australian Sports Commission. Blood flow restriction training guidelines. Sport 

Australia https://www.ais.gov.au/position_statements/best_practice_content/blood-

flow-restriction-training-guidelines (2021). 

13. Patterson, S. D. et al. Blood Flow Restriction Exercise: Considerations of 

Methodology, Application, and Safety. Front. Physiol. 10, 533 (2019). 

14. Pearson, S. J. & Hussain, S. R. A Review on the Mechanisms of Blood-Flow 

Restriction Resistance Training-Induced Muscle Hypertrophy. Sports Med. 45, 187–

200 (2015). 

15. Pignanelli, C. et al. Low-load resistance training to task failure with and without 

blood flow restriction: muscular functional and structural adaptations. Am. J. 

Physiol.-Regul. Integr. Comp. Physiol. 318, R284–R295 (2020). 



32 

 

16. Bjørnsen, T. et al. Frequent blood flow restricted training not to failure and to failure 

induces similar gains in myonuclei and muscle mass. Scand. J. Med. Sci. Sports 31, 

1420–1439 (2021). 

17. Manimmanakorn, A., Hamlin, M. J., Ross, J. J., Taylor, R. & Manimmanakorn, N. 

Effects of low-load resistance training combined with blood flow restriction or 

hypoxia on muscle function and performance in netball athletes. J. Sci. Med. Sport 

16, 337–342 (2013). 

18. Brandner, C. R., Clarkson, M. J., Kidgell, D. J. & Warmington, S. A. Muscular 

Adaptations to Whole Body Blood Flow Restriction Training and Detraining. Front. 

Physiol. 10, (2019). 

19. Scott, B. R., Peiffer, J. J. & Goods, P. S. R. The Effects of Supplementary Low-

Load Blood Flow Restriction Training on Morphological and Performance-Based 

Adaptations in Team Sport Athletes. J. Strength Cond. Res. 31, (2017). 

20. Behringer, M., Behlau, D., Montag, J. C. K., McCourt, M. L. & Mester, J. Low-

Intensity Sprint Training With Blood Flow Restriction Improves 100-m Dash. J. 

Strength Cond. Res. 31, (2017). 

21. Amani-Shalamzari, S. et al. Effects of Blood Flow Restriction and Exercise 

Intensity on Aerobic, Anaerobic, and Muscle Strength Adaptations in Physically 

Active Collegiate Women. Front. Physiol. 10, (2019). 

22. Doma, K., Leicht, A. S., Boullosa, D. & Woods, C. T. Lunge exercises with blood-

flow restriction induces post-activation potentiation and improves vertical jump 

performance. Eur. J. Appl. Physiol. 120, 687–695 (2020). 



33 

 

23. Cook, C., Kilduff, L. & Beaven, C. Improving Strength and Power in Trained 

Athletes With 3 Weeks of Occlusion Training. Int. J. Sports Physiol. Perform. 9, 

166–172 (2014). 

24. Wilk, M. et al. Short-Term Blood Flow Restriction Increases Power Output and Bar 

Velocity During the Bench Press. J. Strength Cond. Res. (9000). 

25. Freitas, E. D. S., Karabulut, M. & Bemben, M. G. The Evolution of Blood Flow 

Restricted Exercise. Front. Physiol. 12, (2021). 

26. Counts, B. R. et al. Let’s talk about sex: where are the young females in blood flow 

restriction research? Clin. Physiol. Funct. Imaging 38, 1–3 (2018). 

27. KAATSU TRAINING: Theoretical & Practical Perspectives. (Kodansha Scientific, 

2009). 

28. Loenneke, J. P., Thiebaud, R. S., Abe, T. & Bemben, M. G. Blood flow restriction 

pressure recommendations: The hormesis hypothesis. Med. Hypotheses 82, 623–626 

(2014). 

29. Ladlow, P. et al. Low-Load Resistance Training With Blood Flow Restriction 

Improves Clinical Outcomes in Musculoskeletal Rehabilitation: A Single-Blind 

Randomized Controlled Trial. Front. Physiol. 9, (2018). 

30. Hughes, L. et al. Comparing the Effectiveness of Blood Flow Restriction and 

Traditional Heavy Load Resistance Training in the Post-Surgery Rehabilitation of 

Anterior Cruciate Ligament Reconstruction Patients: A UK National Health Service 

Randomised Controlled Trial. Sports Med. 49, 1787–1805 (2019). 

31. Tennent, D. J. et al. Blood Flow Restriction Training After Knee Arthroscopy: A 

Randomized Controlled Pilot Study. Clin. J. Sport Med. 27, 245–252 (2017). 



34 

 

32. Letieri, R. V. et al. Effect of 16-Week Blood Flow Restriction Exercise on 

Functional Fitness in Sarcopenic Women: A Randomized Controlled Trial. Int. J. 

Morphol. 37, 59–64 (2019). 

33. Libardi, C. et al. Effect of Concurrent Training with Blood Flow Restriction in the 

Elderly. Int. J. Sports Med. 36, 395–399 (2015). 

34. Sarcopenia Guidelines Development Group of the Belgian Society of Gerontology 

and Geriatrics (BSGG) et al. Exercise Interventions for the Prevention and 

Treatment of Sarcopenia. A Systematic Umbrella Review. J. Nutr. Health Aging 23, 

494–502 (2019). 

35. Centner, C., Wiegel, P., Gollhofer, A. & König, D. Effects of Blood Flow 

Restriction Training on Muscular Strength and Hypertrophy in Older Individuals: A 

Systematic Review and Meta-Analysis. Sports Med. 49, 95–108 (2019). 

36. Gronlund, C. et al. Effect of blood-flow restriction exercise on falls and fall related 

risk factors in older adults 60 years or above: a systematic review. 13. 

37. Clarkson, M. J., May, A. K. & Warmington, S. A. Chronic Blood Flow Restriction 

Exercise Improves Objective Physical Function: A Systematic Review. Front. 

Physiol. 10, 1058 (2019). 

38. Mirando, M., Reusser, A., Sherer, B., Reinhart, C. & Murray, L. Is low load blood 

flow restriction training an effective intervention in improving clinical outcomes in 

adults with lower extremity pathology: a systematic review. Phys. Ther. Rev. 24, 

185–194 (2019). 



35 

 

39. Androulakis-Korakakis, P., Fisher, J. P. & Steele, J. The Minimum Effective 

Training Dose Required to Increase 1RM Strength in Resistance-Trained Men: A 

Systematic Review and Meta-Analysis. Sports Med. 50, 751–765 (2020). 

40. Baker, B. S., Stannard, M. S., Duren, D. L., Cook, J. L. & Stannard, J. P. Does 

Blood Flow Restriction Therapy in Patients Older Than Age 50 Result in Muscle 

Hypertrophy, Increased Strength, or Greater Physical Function? A Systematic 

Review. Clin. Orthop. 478, 593–606 (2020). 

41. Cook, S. B., LaRoche, D. P., Villa, M. R., Barile, H. & Manini, T. M. Blood flow 

restricted resistance training in older adults at risk of mobility limitations. Exp. 

Gerontol. 99, 138–145 (2017). 

42. Rodrigues, R. et al. Low‐Load Resistance Training With Blood‐Flow Restriction in 

Relation to Muscle Function, Mass, and Functionality in Women With Rheumatoid 

Arthritis. Arthritis Care Res. 72, 787–797 (2020). 

43. Ortiz, A. & Arguello, E. Blood Flow Restriction as an Exercise Alternative to 

Ameliorate the Effects of Aging. Curr. Geriatr. Rep. 9, 128–133 (2020). 

44. Ruaro, M. et al. Effects of strength training with and without blood flow restriction 

on quality of life in elderly women. J. Phys. Educ. Sport 19, 531–539 (2019). 

45. Cardoso, R. K., Araujo, A. M., Freitas, M. P. de & Rombaldi, A. J. Efeito do 

treinamento com restrição parcial do fluxo sanguíneo em adultos mais velhos e 

idosos: uma revisão sistemática. Braz. J. Kinanthropometry Hum. Perform. 20, 219–

228 (2018). 

46. Bĕlohlávek, J., Dytrych, V. & Linhart, A. Pulmonary embolism, part I: 

Epidemiology, risk factors and risk stratification, pathophysiology, clinical 



36 

 

presentation, diagnosis and nonthrombotic pulmonary embolism. Exp. Clin. Cardiol. 

18, 129–138 (2013). 

47. de Queiros, V. S. et al. Application and side effects of blood flow restriction 

technique. Medicine (Baltimore) 100, e25794 (2021). 

48. Brandner, C. R., May, A. K., Clarkson, M. J. & Warmington, S. A. Reported Side-

effects and Safety Considerations for the Use of Blood Flow Restriction During 

Exercise in Practice and Research. Tech. Orthop. 33, (2018). 

49. Anderson, K. D., Rask, D. M. G., Bates, T. J. & Nuelle, J. A. V. Overall Safety and 

Risks Associated with Blood Flow Restriction Therapy: A Literature Review. Mil. 

Med. 187, 1059–1064 (2022). 

50. Nascimento, D. da C., Rolnick, N., Neto, I. V. de S., Severin, R. & Beal, F. L. R. A 

Useful Blood Flow Restriction Training Risk Stratification for Exercise and 

Rehabilitation. Front. Physiol. 13, (2022). 

51. Cristina-Oliveira, M. et al. Clinical safety of blood flow-restricted training? A 

comprehensive review of altered muscle metaboreflex in cardiovascular disease 

during ischemic exercise. Am. J. Physiol.-Heart Circ. Physiol. 318, H90–H109 

(2020). 

52. Madarame, H. et al. Effects of low-intensity resistance exercise with blood flow 

restriction on coagulation system in healthy subjects. Clin. Physiol. Funct. Imaging 

30, 210–213 (2010). 

53. Laurentino, G. C. et al. The Effect of Cuff Width on Muscle Adaptations after Blood 

Flow Restriction Training. Med. Sci. Sports Exerc. 48, (2016). 



37 

 

54. McEwen, J. A., Owens, J. G. & Jeyasurya, J. Why is it Crucial to Use Personalized 

Occlusion Pressures in Blood Flow Restriction (BFR) Rehabilitation? J. Med. Biol. 

Eng. 39, 173–177 (2019). 

55. Loenneke, J. P. et al. Blood flow restriction pressure recommendations: a tale of two 

cuffs. Front. Physiol. 4, 249 (2013). 

56. Patterson, S. D. et al. Blood Flow Restriction Exercise: Considerations of 

Methodology, Application, and Safety. Front. Physiol. 10, 533 (2019). 

57. Scott, B. R., Loenneke, J. P., Slattery, K. M. & Dascombe, B. J. Exercise with Blood 

Flow Restriction: An Updated Evidence-Based Approach for Enhanced Muscular 

Development. Sports Med. 45, 313–325 (2015). 

58. Ferraz, R. B. et al. Benefits of Resistance Training with Blood Flow Restriction in 

Knee Osteoarthritis. Med. Sci. Sports Exerc. 50, (2018). 

59. Zeng, Z., Centner, C., Gollhofer, A. & König, D. Blood-Flow-Restriction Training: 

Validity of Pulse Oximetry to Assess Arterial Occlusion Pressure. Int. J. Sports 

Physiol. Perform. 14, 1408–1414 (2019). 

60. Staunton, C. A., May, A. K., Brandner, C. R. & Warmington, S. A. Haemodynamics 

of aerobic and resistance blood flow restriction exercise in young and older adults. 

Eur. J. Appl. Physiol. 115, 2293–2302 (2015). 

61. Kelly, M. R., Cipriano, K. J., Bane, E. M. & Murtaugh, B. T. Blood Flow 

Restriction Training in Athletes. Curr. Phys. Med. Rehabil. Rep. 8, 329–341 (2020). 

62. Loenneke, J. P. et al. Blood flow restriction in the upper and lower limbs is 

predicted by limb circumference and systolic blood pressure. Eur. J. Appl. Physiol. 

115, 397–405 (2015). 



38 

 

63. Kargaran, A. et al. Effects of dual-task training with blood flow restriction on 

cognitive functions, muscle quality, and circulatory biomarkers in elderly women. 

Physiol. Behav. 239, 113500 (2021). 

64. Counts, B. R. et al. Influence of relative blood flow restriction pressure on muscle 

activation and muscle adaptation. Muscle Nerve 53, 438–445 (2016). 

65. Jessee, M. B. et al. Muscle Adaptations to High-Load Training and Very Low-Load 

Training With and Without Blood Flow Restriction. Front. Physiol. 9, (2018). 

66. Abe, T., Kearns, C. F. & Sato, Y. Muscle size and strength are increased following 

walk training with restricted venous blood flow from the leg muscle, Kaatsu-walk 

training. J. Appl. Physiol. 100, 1460–1466 (2006). 

67. Karabulut, M. et al. Effects of KAATSU on muscular function during isometric 

exercise. Int. J. KAATSU Train. Res. 2, 19–28 (2006). 

68. Kusuhara, K. et al. Effect of knee extension exercise with KAATSU on forehead 

cutaneous blood flow in healthy young and middle-aged women. Int. J. KAATSU 

Train. Res. 2, 29–34 (2006). 

69. Madarame, H. et al. Cross-Transfer Effects of Resistance Training with Blood Flow 

Restriction. Med. Sci. Sports Exerc. 40, 258–263 (2008). 

70. Nakajima, T. et al. Effects of low-intensity KAATSU resistance training on skeletal 

muscle size/strength and endurance capacity in patients with ischemic heart disease. 

Int. J. KAATSU Train. Res. 6, 1–7 (2010). 

71. Das, A. & Paton, B. Is There a Minimum Effective Dose for Vascular Occlusion 

During Blood Flow Restriction Training? Front. Physiol. 13, (2022). 



39 

 

72. Noyes, F. R., Barber-Westin, S. D. & Sipes, L. Blood Flow Restriction Training Can 

Improve Peak Torque Strength in Chronic Atrophic Postoperative Quadriceps and 

Hamstrings Muscles. Arthrosc. J. Arthrosc. Relat. Surg. 37, 2860–2869 (2021). 

73. Horiuchi, M., Endo, J., Sato, T. & Okita, K. Jump training with blood flow 

restriction has no effect on jump performance. Biol. Sport 35, 343–348 (2018). 

74. Abe, T. et al. Eight days KAATSU-resistance training improved sprint but not jump 

performance in collegiate male track and field athletes. Int. J. KAATSU Train. Res. 

1, 19–23 (2005). 

75. Ozaki, H. et al. Effects of high-intensity and blood flow-restricted low-intensity 

resistance training on carotid arterial compliance: role of blood pressure during 

training sessions. Eur. J. Appl. Physiol. 113, 167–174 (2013). 

76. Rohde, M., Bacsalmasi, L., Erhard, Q., Lung, T. & Weinert, W. The Effects of 

Blood-flow Restriction Training on Muscle Hypertrophy, Strength, and Power in 

College-Age Adults. Internet J. Allied Health Sci. Pract. (2021) doi:10.46743/1540-

580X/2021.2016. 

77. Wernbom, M., Augustsson, J. & Raastad, T. Ischemic strength training: a low-load 

alternative to heavy resistance exercise? Scand. J. Med. Sci. Sports 18, 401–416 

(2008). 

78. Reeves, G. V. et al. Comparison of hormone responses following light resistance 

exercise with partial vascular occlusion and moderately difficult resistance exercise 

without occlusion. J. Appl. Physiol. Bethesda Md 1985 101, 1616–1622 (2006). 



40 

 

79. Pierce, J. R., Clark, B. C., Ploutz-Snyder, L. L. & Kanaley, J. A. Growth hormone 

and muscle function responses to skeletal muscle ischemia. J. Appl. Physiol. 

Bethesda Md 1985 101, 1588–1595 (2006). 

80. Cordingley, D. M., Anderson, J. E. & Cornish, S. M. Myokine Response to Blood-

Flow Restricted Resistance Exercise in Younger and Older Males in an Untrained 

and Resistance-Trained State: A Pilot Study. J. Sci. Sport Exerc. (2022) 

doi:10.1007/s42978-022-00164-2. 

81. Cornish, S. M., Bugera, E. M., Duhamel, T. A., Peeler, J. D. & Anderson, J. E. A 

focused review of myokines as a potential contributor to muscle hypertrophy from 

resistance-based exercise. Eur. J. Appl. Physiol. 120, 941–959 (2020). 

82. Fry, C. S. et al. Blood flow restriction exercise stimulates mTORC1 signaling and 

muscle protein synthesis in older men. J. Appl. Physiol. 108, 1199–1209 (2010). 

83. Takarada, Y. et al. Effects of resistance exercise combined with moderate  vascular 

occlusion on muscular function in humans. J. Appl. Physiol. 88, 2097–2106 (2000). 

84. Yasuda, T. et al. Muscle activation during low-intensity muscle contractions with 

restricted blood flow. J. Sports Sci. 27, 479–489 (2009). 

85. Bjørnsen, T. et al. High-frequency blood flow-restricted resistance exercise results 

in acute and prolonged cellular stress more pronounced in type I than in type II 

fibers. J. Appl. Physiol. 131, 643–660 (2021). 

86. Goldfarb, A. H. et al. Resistance exercise effects on blood glutathione status and 

plasma protein carbonyls: influence of partial vascular occlusion. Eur. J. Appl. 

Physiol. 104, 813–819 (2008). 



41 

 

87. Loenneke, J. P., Fahs, C. A., Rossow, L. M., Abe, T. & Bemben, M. G. The anabolic 

benefits of venous blood flow restriction training may be induced by muscle cell 

swelling. Med. Hypotheses 78, 151–154 (2012). 

88. Davids, C. J. et al. Acute cellular and molecular responses and chronic adaptations 

to low-load blood flow restriction and high-load resistance exercise in trained 

individuals. J. Appl. Physiol. 131, 1731–1749 (2021). 

89. Luebbers, P. E., Fry, A. C., Kriley, L. M. & Butler, M. S. The Effects of a 7-Week 

Practical Blood Flow Restriction Program on Well-Trained Collegiate Athletes. J. 

Strength Cond. Res. 28, (2014). 

90. Yamanaka, T., Farley, R. S. & Caputo, J. L. Occlusion Training Increases Muscular 

Strength in Division IA Football Players. J. Strength Cond. Res. 26, (2012). 

91. Korkmaz, E. et al. Effects of Blood Flow Restriction Training on Muscle Strength 

and Architecture. J. Strength Cond. Res. 36, 1396 (2022). 

92. Yasuda, T., Fujita, S., Ogasawara, R., Sato, Y. & Abe, T. Effects of low‐intensity 

bench press training with restricted arm muscle blood flow on chest muscle 

hypertrophy: a pilot study. Clin. Physiol. Funct. Imaging 30, 338–343 (2010). 

93. Lixandrão, M. E. et al. Magnitude of Muscle Strength and Mass Adaptations 

Between High-Load Resistance Training Versus Low-Load Resistance Training 

Associated with Blood-Flow Restriction: A Systematic Review and Meta-Analysis. 

Sports Med. 48, 361–378 (2018).  

94. Thomas, E. et al. Physical activity programs for balance and fall prevention in 

elderly. Medicine (Baltimore) 98, e16218 (2019). 



42 

 

95. Simpkins, C. & Yang, F. Muscle power is more important than strength in 

preventing falls in community-dwelling older adults. J. Biomech. 134, 111018 

(2022). 

96. Werasirirat, P., Yimlamai, T., Werasirirat, P. & Yimlamai, T. Effect of supervised 

rehabilitation combined with blood flow restriction training in athletes with chronic 

ankle instability: a randomized placebo-controlled trial. J. Exerc. Rehabil. 18, 123–

132 (2022). 

97. Wen, Z. et al. Effect of Low-Load Blood Flow Restriction Training on Patients with 

Functional Ankle Instability: A Randomized Controlled Trial. J. Sport Rehabil. 

(2023) doi:https://doi.org/10.1123/jsr.2022-0462. 

98. Wang, J., Fu, H., QiangZhang, Zhang, M. & Fan, Y. Effect of Leg Half-Squat 

Training With Blood Flow Restriction Under Different External Loads on Strength 

and Vertical Jumping Performance in Well-Trained Volleyball Players. Dose-

Response 20, 15593258221123673 (2022). 

99. Rolnick, N. & Kamis, O. Important Methodological Concern Regarding the Article 

“Effect of Leg Half-Squat Training With Blood Flow Restriction Under Different 

External Loads on Strength and Vertical Jumping Performance in Well-Trained 

Volleyball Players”: A Letter to the Editor. Dose-Response 21, 15593258231173494 

(2023). 

100. Madarame, H., Ochi, E., Tomioka, Y., Nakazato, K. & Ishii, N. Blood flow-

restricted training does not improve jump performance in untrained young men. Acta 

Physiol. Hung. 98, 465–471 (2011). 



43 

 

101. Wells, E., Eustace, D., Gupton, C. S., Dedrick, G. S. & Bunn, J. Eccentric and 

blood flow restriction exercises in women induce hypertrophy. J. Sports Med. Phys. 

Fitness 59, 1968–1974 (2019). 

102. Ellefsen, S. et al. Blood flow-restricted strength training displays high functional 

and biological efficacy in women: a within-subject comparison with high-load 

strength training. Am. J. Physiol.-Regul. Integr. Comp. Physiol. 309, R767–R779 

(2015). 

103. Gil, A. L. S. et al. Effect of strength training with blood flow restriction on 

muscle power and submaximal strength in eumenorrheic women. Clin. Physiol. 

Funct. Imaging 37, 221–228 (2017). 

104. Freitas, E. D. S. et al. The Acute Physiological Responses to Traditional vs. 

Practical Blood Flow Restriction Resistance Exercise in Untrained Men and 

Women. Front. Physiol. 11, (2020). 

105. Dankel, S. J. et al. Post-exercise blood flow restriction attenuates muscle 

hypertrophy. Eur. J. Appl. Physiol. 116, 1955–1963 (2016). 

106. Mendonca, G. V. et al. Muscle fatigue in response to low-load blood flow-

restricted elbow-flexion exercise: are there any sex differences? Eur. J. Appl. 

Physiol. 118, 2089–2096 (2018). 

107. Labarbera, K. E., Murphy, B. G., Laroche, D. P. & Cook, S. B. Sex differences 

in blood flow restricted isotonic knee extensions to fatigue. J. Sports Med. Phys. 

Fitness 53, 444–452 (2013). 

108. Nuzzo, J. L. Narrative Review of Sex Differences in Muscle Strength, 

Endurance, Activation, Size, Fiber Type, and Strength Training Participation Rates, 



44 

 

Preferences, Motivations, Injuries, and Neuromuscular Adaptations. J. Strength 

Cond. Res. 37, (2023). 

109. Landen, S. et al. Physiological and molecular sex differences in human skeletal 

muscle in response to exercise training. J. Physiol. 601, 419–434 (2023). 

110. Ansdell, P. et al. Physiological sex differences affect the integrative response to 

exercise: acute and chronic implications. Exp. Physiol. 105, 2007–2021 (2020). 

111. Kim, S. R. et al. Changes in predicted lean body mass, appendicular skeletal 

muscle mass, and body fat mass and cardiovascular disease. J. Cachexia Sarcopenia 

Muscle 13, 1113–1123 (2022). 

112. Lee, D. H. et al. Predicted lean body mass, fat mass, and all cause and cause 

specific mortality in men: prospective US cohort study. BMJ 362, k2575 (2018). 

113. Lee, D. H. & Giovannucci, E. L. Body composition and mortality in the general 

population: A review of epidemiologic studies. Exp. Biol. Med. 243, 1275–1285 

(2018). 

114. Abramowitz, M. K. et al. Muscle mass, BMI, and mortality among adults in the 

United States: A population-based cohort study. PLOS ONE 13, e0194697 (2018). 

 

 

 

 

 

 

 



45 

 

Chapter 3: Article 

IMPACT OF EXERCISE WITH BLOOD FLOW RESTRICTION ON MUSCLE 

HYPERTROPHY AND PERFORMANCE OUTCOMES IN MEN AND WOMEN 

Nancekievill, D.1,2, Seaman, K.2, Bouchard, D. R.1,2, & Sénéchal, M.1,2 

1Cardiometabolic, Exercise, and Lifestyle Laboratory, 2Faculty of Kinesiology, 

University of New Brunswick, Fredericton NB, Canada 

TO BE SUBMITTED AT: Medicine & Science in Sports & Exercise  

Corresponding Author: 

Dr. Martin Sénéchal Ph.D.  

Professor, Faculty of Kinesiology  

University of New Brunswick  

90 Mackay Drive,  

Fredericton, New Brunswick  

E3B 4J9 

martin.senechal@unb.ca 

 

Author Contributions 

Nancekievill, D.: Intervention conception, subject recruitment, data collection, 

intervention supervision and coordination, data interpretation and analysis, and 

manuscript preparation. 

 

 

 

Keywords: Resistance training, Sex differences, Strength, Lean mass 



46 

 

3.1 Abstract 

Blood flow restriction training (BFRT) improves lean mass and strength. In BFRT 

studies, only 17-29% of participants were female. We compared lean mass and strength 

following 6-week BFRT between males and females. Thirty-eight adults (age, 25.3 ± 3.1 

years; female, n=19) participated. Exercises were performed at 30% of 1-repetition 

maximum (1-RM) and individual’s limb occlusion pressure set at 60%. Lean mass was 

assessed via dual-energy x-ray absorptiometry, strength was measured using 1-RM. A 

significant increase in lean mass was observed in males (p= .009) and females (p= .023) 

without group differences (p= .279). Both males and females increased 1-RM for upper- 

and lower-body exercises. However, there was a significant interaction effect (time x 

sex) for knee extension (p= .039), chest press (p= .002), and seated row (p= .033). Lean 

mass and muscle strength increased following six weeks of BFRT. Males may improve 

upper-body strength to a greater extent. 
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3.2 Introduction 

 Exercise, including resistance training, has been called a “medicine” as it 

prevents and reduces the risk for chronic conditions such as type 2 diabetes mellitus, 

cardiovascular disease, and cancer 1,2. One possible explanation for this risk reduction is 

the alteration in body composition, characterized by increased skeletal muscle mass and 

decreased fat mass 3–5. This increase in muscle mass, known as hypertrophy, occurs with 

moderate to heavy-load resistance training and resistance training to volitional failure 6,7. 

However, blood flow restriction training (BFRT) has emerged as an alternative to heavy-

load resistance training. BFRT involves the utilization of a pneumatic cuff placed around 

the proximal region of the exercising limb to partially reduce blood flow combined with 

very light loads 8.  

 Although the exact physiological mechanisms of hypertrophy following BFRT 

are not fully understood, there is substantial evidence that BFRT can induce muscle 

hypertrophy 9–12. A BFRT study using low-load BFRT performed to failure saw an 

increase in thigh muscle thickness similar to the traditional resistance training group 

despite a 33% lower total exercise volume 13. Similarly, several BFRT meta-analyses 

indicated that BFRT can increase shoulder lean mass, pectoralis major thickness, and 

that muscle hypertrophy was comparable to high-load resistance training 9,14. 

Interestingly, these increases in muscle mass translate into improvement in performance 

outcomes. Following a 4-week whole-body BFRT intervention, significant 1-repetition 

maximum (1-RM) improvements were observed in healthy adults for the knee extension, 
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back squat, calf raise, and seated row 15. Furthermore, several systematic reviews and 

meta-analyses support the impact of BFRT on muscle strength 9,11,14,16,17. 

 Although these findings are interesting, there is a growing interest in 

physiological sex differences in exercise training, of which there are many 18,19. For 

instance, females tend to have greater resistance to fatigue during exercise, but males 

tend to exhibit greater strength, especially in the upper body 18,20. Also, females have 

been shown to undergo less contractile dysfunction during high-intensity exercise 

compared to males 18. In addition, females have higher relative proportions of Type I 

versus Type II muscle fibers than males. Finally, females have greater oxidative capacity 

and tend to undergo less metabolic stress during high-intensity exercise, which could 

translate to less adaptative stimulus than males at the same work intensity 18. These 

already-established sex differences laid the foundation for this study and our hypothesis 

of sex differences in lean body mass, strength, and performance outcomes. 

Furthermore, even if clear physiological sex differences exist for typical exercise 

training, the vast majority of studies investigating BFRT include only college-aged 

males (i.e., between the ages of 18-25) 21. In fact, a call to action highlights that in 

studies of chronic and acute BFRT, only 29% and 17%, of all participants were females 

22. This call is echoed in a more recent review highlighting the continued absence of 

young females in the literature 21. This fact strengthens an urgent need to study the 

impact of BFRT in young females to understand muscle mass adaptation better and 

investigate if these changes translate into increased performance. Therefore, the primary 

objective of this study was to study sex-based differences and to compare the impact of 
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6-week whole-body BFRT on lean body mass, muscle strength, and performance 

outcomes in males and females.  

3.3 Methodology 

3.3.1 Study Design 

 The current project is a parallel control experimental study comparing men and 

women following a 6-week resistance training intervention in conjunction with partial 

blood-flow restriction. (Clinical Trial #: NCT05615831). A study overview is presented 

in Figure 1. Briefly, participants underwent baseline testing separated into two visits 

within a one-week span and presented at the Cardiometabolic Exercise and Lifestyle 

Laboratory at the University of New Brunswick for each visit. Participants began six 

weeks of BFRT within one week of the last baseline testing visit. Following the 

intervention, participants underwent follow-up testing at least two days 23, but no more 

than one week 10, following the last exercise session. All participants provided written 

and informed consent prior to participation. The project was reviewed and approved by 

the University of New Brunswick Research Ethics Board (REB 2021-124).  

3.3.2 Sample Size 

A power calculation was performed using G-power software (version 3.1.9.4, 

Germany) to determine the appropriate sample size for statistical significance. Based on 

an alpha of 0.05, a power of 0.8, and an effect size of 0.4, we determined the required 

total sample size to be eight participants for a repeated measures analysis of variance 

(ANOVA). However, we anticipate a dropout percentage of 13% as reported by 
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Høgsholt et al. (2022) 24. Furthermore, it has been suggested that in order to detect 

interaction effects between sexes, as well as main effects, the sample size needs to be 

four-times the size 25. To account for dropout rate, and to ensure adequate ability to 

detect interaction and main effects, we attempted to recruit approximately 20 per group 

for a total of 40 participants.  

3.3.3 Participation 

Inclusion Criteria 

 Participants were eligible for inclusion if they were between the ages of 19 and 

30 years. In addition, participants had to be physically inactive, but otherwise healthy. 

Physical inactivity was defined as not meeting the World Health Organization’s 2020 

physical activity guidelines: 150 minutes of moderate-vigorous physical activity and two 

muscle-strengthening activities per week 26. Physical activity levels were estimated 

through questionnaires and using Fitbit Charge 3 activity trackers. It was shown in a 

2018 systematic review that Fitbit activity trackers provide accurate measures of steps in 

adults with no mobility limitations 27. Using a pre-determined threshold (10,000 

steps/day) as the minimum number of steps required to reach moderate intensity 

physical activity, anybody who averaged under 10,000 steps/day over a 4-7 day window 

and did not perform muscle strengthening activities twice per week was considered 

physically inactive 28.  
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Exclusion Criteria 

 Exclusion criteria included: 1) aged outside prearranged threshold (19 – 30 

years), 2) the presence of cardiovascular disease such as coronary heart disease, 

uncontrolled hypertension, peripheral vascular disease, venous thromboembolism, other 

blood clotting disorders, or hemophilia, 3) surgery, bone fracture, or a skin graft within 

the last three months, 4) pregnancy, and 5) meeting or exceeding physical activity 

guidelines. 

Recruitment 

 Recruitment was performed between May 2022 and July 2023 through the 

distribution of promotional flyers, University of New Brunswick’s newsletter, and social 

media advertisements through Facebook and Instagram. An overview of recruitment can 

be seen in Figure 2. Of note for future research, recruitment of young females occurred 

much more rapidly than young males.  

3.3.4 Exposure Variable – Blood Flow Restriction Training 

 Participants undertook 6 weeks of whole-body resistance training in conjunction 

with blood flow restriction to their exercising limbs. The intervention consisted of three 

supervised exercise sessions per week consisting of five different exercises: knee flexion 

(hamstring curl), knee extension, leg press, chest press, and seated row. The exercise 

load was individualized to 30% of each participant’s 1-RM for each exercise. 

Participants were required to complete 75 total repetitions broken into four sets for each 

exercise. The sets were broken up in the following manner: set 1: 30 repetitions; set 2: 

15 repetitions; set 3: 15 repetitions; set 4: 15 repetitions, as this protocol has previously 
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been used in blood flow restriction research to induce muscle hypertrophy in a variety of 

populations29,30 and has been suggested by multiple reviews 31,32. At week 4, participants 

had their 1-RM reassessed to adjust the 30% 1-RM exercising loads. This occurred 

during the first exercise session of Week 4. As such, following the 1-RM reassessment, 

participants performed two sets per exercise (30 reps and 15 reps) using the newly 

adjusted 30% 1-RM weight, before returning to the original rep scheme for their 

remaining exercise sessions. 

 Blood flow restriction cuffs were placed at the most proximal portion of the 

exercising limb (just above biceps brachii on the arm and near the inguinal crease on the 

thigh), which is what has previously been used in BFRT research 8,29–31,33–36. Blood flow 

restriction was achieved using the KAATSU C3 device (KAATSU Global, Inc., 

Huntington Beach, CA, USA). The KAATSU arm and leg cuffs are 5 cm wide, 

respectively, and are single-bladder cuffs. Cuffs were inflated to 60% of each 

individual’s total limb occlusion pressure as this has been shown to be a safe and 

effective pressure to induce muscular adaptations 15, and is within the recommended 

pressure range for BFRT 8,31. Each participant’s total limb occlusion pressure (LOP) was 

estimated using equations developed by Loenneke et al. (2015) listed here 33: 

 

(1) 𝐿𝑒𝑔 𝑎𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑜𝑐𝑐𝑙𝑢𝑠𝑖𝑜𝑛 (𝑚𝑚𝐻𝑔) = 5.893(𝑡ℎ𝑖𝑔ℎ 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒) +

0.734(𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) + 0.912(𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) −

220.046  

 



53 

 

(2) 𝐴𝑟𝑚 𝑎𝑟𝑡𝑒𝑟𝑖𝑎𝑙 𝑜𝑐𝑐𝑙𝑢𝑠𝑖𝑜𝑛 (𝑚𝑚𝐻𝑔) = 0.514(𝑠𝑦𝑠𝑡𝑜𝑙𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) +

0.339(𝑑𝑖𝑎𝑠𝑡𝑜𝑙𝑖𝑐 𝑏𝑙𝑜𝑜𝑑 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) + 1.461(𝑎𝑟𝑚 𝑐𝑖𝑟𝑐𝑢𝑚𝑓𝑒𝑟𝑒𝑛𝑐𝑒) + 17.236  

 

Although these equations have modest R-squared values of 0.61 and 0.49, respectively 

33, they have been successfully utilized in a BFRT intervention of trained athletes 

leading to significant improvements in muscle hypertrophy and functional outcomes 

with no reported side effects 37. Furthermore, although LOP was estimated, a study 

comparing the impact of various cuff pressures showed similar effects on muscle size, 

torque, strength, and endurance between 40% and 90% pressures 38. These findings 

suggest that greater pressures are not necessarily more effective at inducing adaptations 

and that small pressure fluctuations will not necessarily serve as greater or lesser stimuli 

during training. Cuffs remained inflated during the rest in between sets of each exercise 

but were deflated for the rest period between exercises 29,39–42. The set rest was 60 

seconds, and the rest between exercises was four minutes. 

3.3.5 Primary Outcome Measure – Lean Body Mass Differences Between Sexes 

 Lean body mass was estimated using duel-energy x-ray absorptiometry (DXA) 

prior to the 6-week BFRT intervention, and again following the intervention. Body 

composition was estimated using a Hologic Horizon® DXA System (Hologic Canada 

ULC, Mississauga, ON, Canada). Lean body mass constitutes that which is not fat mass 

nor bone mineral mass 43. Participants presented to the laboratory following a 12-hr fast 

and were asked to refrain from exercise for a 24-hr period prior to testing. Participants 

were instructed to wear loose-fitting clothing with no metal (buckles, zippers, buttons, 
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etc.) and then instructed to lie supine on the scanner’s table and remain still for the 

duration of the scan. Arms were placed at the participants’ sides with palms facing 

medially and thumbs pointed upwards. For individuals too large for the width of the 

table, they were positioned with their left arm outside of the scan area and results of the 

scanned arm were duplicated. The coefficient of variation in our lab for lean mass is 

0.6% and for body fat percentage is 0.7%. This was performed on 33 people (males, 

n=10) with a mean age of 23.4 years and a mean body mass index (BMI) of 25.6.  

3.3.6 Exploratory Variables  

 Anthropometric measurements, muscular power and endurance, and strength 

were measured for exploratory purposes and sample description. Participants’ height and 

weight were measured to the nearest 0.5 cm and 0.1 kg, respectively, according to the 

CSEP protocol 44. Weight was measured using a calibrated column scale (SECA® model 

#213). Height was measured using a standardized stadiometer. With no shoes, feet 

together, and arms at their side, height was taken following an inhalation. Hip and waist 

circumference were measured using an anthropometric tape measure and recorded to the 

nearest 0.5 cm. For hip and waist measurements, participants stood with their feet 

shoulder-width apart and their arms folded across their chest. Waist circumference was 

measured at the upper lateral border of the iliac crest following a normal exhalation, hip 

circumference was measured around the widest portion of the buttocks after a normal 

exhalation 45.  

Strength was assessed by 1-RM for the five exercises used during the 

intervention. 1-RM was measured during the second baseline testing visit, at the 
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midpoint of the study during the first exercise session of week four, and again during the 

second testing visit in the follow-up testing. Each participant’s 1-RM was determined 

using the following protocol: one set of 6-10 repetitions, followed by one set of 3-5 

repetitions, followed by small incremental increases for one repetition until a failure is 

achieved within seven attempts. If no failure was achieved within seven attempts, the 1-

RM for that exercise was redone prior to their first exercise session. 

 Muscular power was estimated using the squat jump equation derived by Sayers 

et al. (1999) and is as follows 46: 

(3) 𝑃𝑒𝑎𝑘 𝑃𝑜𝑤𝑒𝑟 (𝑊) = 60.7 𝑥 (𝑗𝑢𝑚𝑝 ℎ𝑒𝑖𝑔ℎ𝑡 [𝑐𝑚]) +

45.3 𝑥 (𝑏𝑜𝑑𝑦 𝑚𝑎𝑠𝑠 [𝑘𝑔]) − 2055 

This equation was chosen as it has been shown to be more accurate than previously used 

power estimation equations and was developed from a large and diverse population 

which enhances our external validity 46. Jump height was recorded using the Perform 

Better® Just Jump System. The Just Jump System has been validated against a 3-camera 

motion analysis system for estimating vertical jump height in a sample of males and 

females between the ages of 18-25 47. Participants were instructed to stand on the mat 

with their feet shoulder-width apart, place their hands on their hips, lower into the jump 

position (knees at approximately a 90° angle), hold for 2 seconds, explode upwards as 

high as possible, and land back on the mat. Participants performed three squat jumps 

separated by a 60 second recovery period. The highest jump was used to estimate muscle 

power.  

 Dynamic balance was measured using the Y-Balance Test. Briefly, after no more 

than four practice attempts, participants started by balancing on their left leg and then 
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reached forward as far as they could and touched down. The distance was recorded, and 

the process was repeated two more times. The same process was then followed when 

balancing on the right leg. This was performed three times in each direction, alternating 

between balancing on the left and right feet. All six reaches per direction (left then right) 

were performed before moving to another direction.  

 Muscular endurance of the dominant knee extensors and flexors was assessed 

using a Humac® NORM isokinetic dynamometer system (Computer Sports Medicine, 

Inc., Stoughton, MA, USA). Prior to testing, participants performed a 5-minute walking 

warmup. The participants were seated and secured to the device using straps across the 

trunk and thighs. The positioning of the seat was adjusted to the comfort level of the 

participant, so long as the approximate axis of the knee (through the lateral femoral 

epicondyle) was aligned with the dynamometer’s mechanical axis, and recorded so the 

same settings were used following the intervention. Range of motion was then 

prescribed on an individual basis (0° corresponds to full knee extension). Prior to 

testing, participants performed five repetitions at 120°/s as a familiarization. Upon 

completion of the familiarization, participants were given a two-minute recovery period 

before testing commenced. The testing protocol consisted of 30 reciprocal maximal 

contractions of the knee extensors and flexors performed at 180°/s, as previously 

described 48. Total work, average power per repetition, and peak torque were recorded.  

3.3.7 Statistical Analysis 

To test for normality within the sample, Shapiro-Wilk test was performed and 

confirmed with a visual examination of the data. General characteristics of the sample 



57 

 

are presented as mean ± SD for continuous variables and n (%) for categorical variables, 

along with their effect sizes. Effect sizes were calculated using Hedges g formula, which 

is calculated by dividing the difference between the means by the pooled weighted 

standard deviation. Differences in baseline and post-intervention values, stratified by 

sex, were analyzed using paired sample t-tests. Independent sample t-tests were used to 

identify differences between groups. A repeated measures ANOVA was performed to 

determine whether there was a significant interaction effect between time and sex with 

changes in primary and exploratory outcomes. Data management and statistical analyses 

were performed using SPSS version 29. A p ≤ 0.05 was considered significant.  

3.4 Results 

3.4.1 Descriptive Characteristics 

 The total number of participants that completed the study was 38: 19 males and 

19 females. An overview of the baseline descriptive characteristics is outlined in Table 

1. Briefly, the average age of males was 24.2 ± 2.76 years, and was 22.7 ± 3.37 years 

(p= .135) for females. 63.2% of the total sample were White, with equal number males 

and females. There were no statistically significant differences in weight, BMI, waist 

circumference, or steps per day (all p-values > .05). High-density lipoprotein levels were 

significantly higher in females compared to males (p= .002).  

3.4.2 Changes in Body Composition 

 Table 2 describes the impact of six-week BFRT on body composition in males 

and females. Baseline fat mass was not significantly different between males and 
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females (p= .303), but baseline lean mass was significantly greater in the male group (p< 

.001). Males significantly increased weight, BMI, and waist circumference (p= .006, 

.046, .025; g= 0.07, 0.04, 0.12), whereas females saw no significant changes in these 

anthropometric measures. No significant changes were observed in males or females' 

body fat percentage or fat mass. Males (p= .009, g= 0.11) and females (p= .023, g= 0.08) 

significantly increased lean mass following six-week BFRT (Figures 3A and 3B). 

However, the change in lean mass was not significantly different between males and 

females (p= .279; Figure 3C). Similar results were observed for the impact of BFRT on 

relative lean mass in males (p= .020, g= 0.09) and females (p= .011, g= 0.08; Figures 4A 

and 4B) and the change in relative lean mass (p= .472; Figure 4C).  Repeated measures 

ANOVA revealed a time effect for lean body mass (p< .001) but no interaction between 

time and sex (p= .279). Similar results were observed for relative lean mass, with a time 

effect (p= .004) and no interaction between time and sex (p= .693). 

3.4.3 Changes in Strength and Performance Outcomes 

 Table 3 shows changes in performance outcomes, while Figures 5A-C and 6A-C 

show changes in 1-RM from baseline to post-testing for chest press and knee extension, 

respectively, for males and females. Exception for females' leg press (p= .110), males 

and females significantly improved knee extension (male: p< .001.; female: p< .001), 

knee flexion (p< .001; p< .001), chest press (p< .001; p= .004), and seated row (p= .003; 

p= .004) following 6-week BFRT. Changes in knee extension (p= .035), chest press (p= 

.003) and seated row  (p= .042) were significantly different between males and females. 

Repeated measures ANOVA revealed time and group effects for leg press (time: p= 
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.002; group: p< .001, knee extension (p< .001; p= .002), knee flexion (p< .001; p< .001), 

chest press (p< .001; p< .001), and seated row (p< .001; p< .001),while an interaction 

effect was only observed for knee extension (p= .039), chest press (p= .002), and seated 

row (p= .033). 

 Both males and females increased peak power produced during the vertical jump 

(male: p< .001, g= 0.46; female: p= .002, g= 0.15), and males increased jump peak 

power significantly more than females (p= .040). An interaction between time and sex 

was observed for jump peak power (p=  .038). Males also improved their Y-Balance 

Test scores significantly for the left (p= .002, g= 0.56) and right (p= .002, g= 0.55) legs, 

whereas females did not. The change was not significant between groups for either the 

left (p= .218) or right (p= .328) legs. Both males and females significantly improved 

their average power, peak torque, and total work for their dominant knee flexors (all p-

values< .05), but none were significantly different from each other (all p-values> .05). 

Females improved average power, peak torque, and total work for their dominant knee 

extensors (all p-values< .05). Males improved average power (p= .031) and total work 

(p= .016), but not peak torque (p= .055) for their dominant knee extensors. There were 

no significant differences in the improvements between males and females or interaction 

between time and sex (all p-values> .05).  

3.5 Discussion 

The main objective of this study was to investigate sex-based differences and to 

compare the impact of 6-week BFRT on lean body mass, muscle strength, and 

performance outcomes between males and females. The principal findings of our study 
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suggested a lack of sex differences for change in lean body mass following BFRT and 

showed a sex difference for muscle strength and performance outcomes (peak power). 

These results are pertinent as they fill the gap in the literature about the impact of BFRT 

and sex-based differences in adaptation for lean body mass, muscle strength, and 

performance outcomes. This is of great interest as it might help guide future research on 

sex differences in specific populations, such as in sport-specific athletes and injury 

rehabilitation.  

 Six weeks of BFRT resulted in a significant increase in lean body mass and 

relative lean body mass in both males and females. Furthermore, there was no difference 

between males and females for this change in absolute or relative lean body mass. Our 

findings corroborate previous findings of studies showing that BFRT induces muscle 

hypertrophy 10,12,15,37,49–52. However, our results are surprising considering physiological 

sex differences have been documented in the literature with respect to muscle fiber types 

18,20.  For example, it was reported that males have a lower proportion of Type I muscle 

fibers and a greater proportion of Type II muscle fibers 18,20. Secondly, it has been 

shown that females undergo less metabolic stress during high-intensity exercise than 

males, which could translate to less of an adaptative stimulus 18. Furthermore, following 

six weeks of BFRT, males demonstrated greater effect sizes for Type II muscle fiber 

hypertrophy than females, although not statistically significant 12. Nevertheless, the lack 

of sex differences in absolute and relative lean body mass from our study aligns with 

other studies that reported that both sexes appear to adapt to resistance training to a 

similar extent 12,54. Therefore, the findings of this present study are novel as they add to 

the body of literature by directly comparing males and females and show an absence of 
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any hypertrophic sex-based differences as males and females underwent similar whole-

body muscle hypertrophy following only six weeks BFRT.    

 Our results showed a significant increase in muscle strength, and this is 

supported by previous systematic reviews 16,17. However, we showed a sex-specific 

difference for muscle strength with males increasing knee extension, chest press, and 

seated row 1-RM to a greater extent than females. In a systematic review of the impact 

of BFRT on strength, Gear et al. (2022) showed that the female-only studies had a larger 

effect size for muscle strength than the mixed or the male-only studies 17. This difference 

could be explained by the very few female-only studies included (only two), which 

could impact the effect size. In support of our findings, sex differences in upper-body 

muscle strength have been shown following traditional resistance training, even when 

accounting for differences in lean body mass 53. This sex-difference in upper-body 

strength could be due to differences in lean mass distribution between males and 

females, where males have been shown to have greater lean mass in the upper limbs and 

upper trunk 20,55,56. Altogether, our findings continue to add to the current body of 

literature by directly comparing males and females and showing that only six weeks of 

BFRT is sufficient for increasing muscular strength in both sexes, but males may 

increase strength to a greater extent in the upper-body.  

 While some studies have found BFRT to improve jump performance 57–59, others 

have not 60,61. Our findings compared males and females and showed that jump power is 

significantly increased after six weeks of whole-body BFRT in physically inactive 

young adults, and that males improved to a greater extent. Males may have increased 

their jump performance to a greater extent than the females due to them seeing a greater 
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increase in lower-limb lean mass. Furthermore, as previously demonstrated, males tend 

to have a greater area of muscle occupied by Type II muscle fibers than females, which 

would contribute more to an explosive movement such as a vertical jump 20. In fact, it 

has been shown that following six weeks of low-load BFRT in untrained men and 

women, males increased the cross-sectional area of their Type II muscle fibers to a 

greater extent than females 12. Therefore, we demonstrated sex-based differences in 

power produced during a vertical jump following six weeks of BFRT that could be 

explained by a greater development of Type II muscle fibers following BFRT in men 

than in women.    

Following 6-week BFRT, we demonstrated that males and females similarly 

improved their muscular endurance performance. A meta-analysis suggests that low-

load BFRT is effective at increasing knee extensor and knee flexor peak torque, which is 

in line with our findings 16. Previous findings have also shown that BFRT performed to 

failure is capable of improving muscle power during a similar high-intensity isokinetic 

fatigue test in healthy males, which our findings corroborate 13. Interestingly, Korkmaz 

et al. (2020) observed significant improvements in the dominant knee extensors 

concentric isokinetic peak torque in the BFRT group over the traditional resistance 

exercise group (study only included males), whereas that is the only metric that was not 

improved in our male sample 50. This discrepancy could be due differences in samples, 

where the sample in the study by Korkmaz et al. (2020) were trained male soccer 

athletes and ours were young adults who did not meet the physical activity guidelines 50. 

Interestingly, other lower-body performances in our study were either improved in males 

and not in females, or improved to a greater extent in males, but not muscular 
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endurance. The difference in lower-limb lean mass seen in the males may have been 

offset by females potentially having greater fatigue-resistance to repeated knee 

extensions, as highlighted by Labarbera et al. (2013) 62. The greater resistance to fatigue 

in females could be explained by the greater proportional area of Type I muscle fibers 

which translates to a greater oxidative capacity than in males, and, in turn, less 

contractile dysfunction during high-intensity exercise 18. Our results continue to build on 

previous findings by highlighting how BFRT impacts muscle strength and muscle 

endurance, and by documenting sex-specific differences in performance outcomes in 

young adults not meeting the physical activity guidelines.  

3.5.1 Strengths and Limitations 

Our work has some limitations that need to be highlighted. First, our intervention 

had a short duration of only six weeks, and it is possible that some sex-specific 

differences in outcomes could have occurred over longer durations of BFRT. Second, 

we did not include a control condition in our study which limited the conclusion drawn 

from this study. Finally, although we asked participants to maintain their current 

lifestyle, including diet, we did not control diet every week for the duration of the study. 

However, our work is strengthened by the compliance of participants to the study – 

every participant completed 100% of the exercise sessions. Also, exercise sessions were 

supervised in very small groups by research staff, allowing for a tightly controlled 

environment. Furthermore, our work is strengthened by our sufficiently powered sample 

to directly compare males and females, allowing us to draw insights on potential sex 

differences in lean mass, muscle strength and performance outcomes following BFRT. 
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3.5.2 Conclusion 

 In summary, our findings suggest that following 6-week whole-body BFRT, 

males and females significantly increase lean body mass without sex differences. 

Moreover, BFRT significantly increased muscle strength for males and females. 

However, males increase muscle strength to a greater extent than females. We also 

demonstrated that males produced more power during a vertical jump than females, 

however males and females improved muscular endurance to a similar degree. 

Altogether, our research adds novelty to the current body of literature by documenting 

sex differences following BFRT and enhancing our knowledge of BFRT effects on 

females. Future studies should continue to investigate sex differences following BFRT, 

but over longer durations, with different populations, and with a focus on the underlying 

physiological mechanisms underpinning these adaptations.  
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Figure 2. Participant Flowchart. 
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Figure 3A. Lean mass of females at baseline and post-testing. 3B. Lean mass of males 

at baseline and post-testing. 3C. Absolute change of lean mass for males and females. 

Data are presented as mean and 95% confidence intervals with p-values.  

Figure 4A. Relative lean mass of females at baselines and post-testing. 4B. Relative 

lean mass of males at baseline and post-testing. 4C. Absolute change of relative lean 

mass for males and females. Data are presented as mean and 95% confidence intervals 

with p-values. 
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Figure 5A. 1-RM for chest press of females at baseline and post-testing. 5B. 1-RM for 

chest press of males at baseline and post-testing. 5C. Absolute change of 1-RM for chest 

press from baseline to post-testing of males and females. Data are presented as mean and 

95% confidence intervals with p-values.  

Figure 6A. 1-RM for knee extension of females at baseline and post-testing. 6B. 1-RM 

for knee extension of males at baseline and post-testing. 6C. Absolute change of 1-RM 

for knee extension from baseline to post-testing of males and females. Data are 

presented as mean and 95% confidence intervals with p-values. 
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