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The Evolution of Blood Flow 
Restricted Exercise
Eduardo D. S. Freitas 1†, Murat Karabulut 2† and Michael G. Bemben 1*†

1 Department of Health and Exercise Science, University of Oklahoma, Norman, OK, United States, 2 Department of Health 
and Human Performance, University of Texas Rio Grande Valley, Brownsville, TX, United States

The use of blood flow restricted (BFR) exercise has become an accepted alternative 
approach to improve skeletal muscle mass and function and improve cardiovascular 
function in individuals that are not able to or do not wish to use traditional exercise 
protocols that rely on heavy loads and high training volumes. BFR exercise involves the 
reduction of blood flow to working skeletal muscle by applying a flexible cuff to the most 
proximal portions of a person’s arms or legs that results in decreased arterial flow to the 
exercising muscle and occluded venous return back to the central circulation. Safety 
concerns, especially related to the cardiovascular system, have not been consistently 
reported with a few exceptions; however, most researchers agree that BFR exercise can 
be a relatively safe technique for most people that are free from serious cardiovascular 
disease, as well as those with coronary artery disease, and also for people suffering from 
chronic conditions, such as multiple sclerosis, Parkinson’s, and osteoarthritis. Potential 
mechanisms to explain the benefits of BFR exercise are still mostly speculative and may 
require more invasive studies or the use of animal models to fully explore mechanisms of 
adaptation. The setting of absolute resistive pressures has evolved, from being based on 
an individual’s systolic blood pressure to a relative measure that is based on various 
percentages of the pressures needed to totally occlude blood flow in the exercising limb. 
However, since several other issues remain unresolved, such as the actual external loads 
used in combination with BFR, the type of cuff used to induce the blood flow restriction, 
and whether the restriction is continuous or intermittent, this paper will attempt to address 
these additional concerns.

Keywords: kaatsu, occlusion training, practical BFR, resistance training, aerobic training

INTRODUCTION

Blood flow restricted exercise (BFR) has increasingly been used as an alternative training 
method for those unable to perform traditional aerobic or resistance exercise protocols, such 
as individuals with poor strength or endurance, recovering from an injury, or undergoing 
rehabilitation. BFR training may also serve as a supplemental training technique in combination 
with traditional exercise protocols to enhance adaptations to training based on the many 
published studies that demonstrate positive neuromuscular, aerobic, and anaerobic performance 
parameters (Abe et  al., 2010a; Sudo et  al., 2017; Amani-Shalamzari et  al., 2019). These primary 
adaptations to BFR exercise include increases in muscle size and strength (Bjørnsen et  al., 
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2019), improved physical function (Abe et  al., 2010b), and 
enhanced endurance capabilities (muscular and cardiorespiratory; 
Held et  al., 2020).

It is also worthwhile noting that the benefits associated 
with low-load BFR exercise are not limited to healthy young 
individuals (Abe et al., 2010a), but also middle-aged and elderly 
(Karabulut et  al., 2010; Abe et  al., 2010b; Ozaki et  al., 2011b). 
Moreover, several studies have demonstrated the benefits of 
BFR training to clinical populations, such as post-surgery 
rehabilitating athletes (Kilgas et al., 2019) and individuals dealing 
with different forms of chronic inflammation and pain (i.e., 
arthritis, chronic fatigue syndrome, and fibromyalgia; McCully 
et  al., 2004; Korakakis et  al., 2018; Jørgensen et  al., 2020). 
Thus, low-intensity aerobic exercise combined with BFR or 
low-load resistance exercise with BFR has emerged as potential 
training alternatives to traditional aerobic and resistance training 
programs, which are commonly performed at high intensities 
or using heavy loads, making it difficult for many of the 
populations already mentioned to withstand the training 
demands. However, the majority of published studies that 
explored BFR exercise have been acute interventions, primarily 
with college-aged males, necessitating the need for prolonged 
training studies and including females as subjects (Counts 
et  al., 2018).

Although it is commonly accepted that BFR training is 
effective, there are several topics that need to be  addressed 
to understand the evolution of this training method. First, 
BFR training has been found to be effective to improve several 
physiological systems, but improper use of the BFR technique 
can cause health problems; thus, it requires constant supervision, 
making its use outside of research and clinical settings difficult 
and challenging. Second, several studies were performed to 
understand the underlying mechanisms for BFR-related 
physiological adaptations, but many details still need further 
exploration and more invasive studies as well as potential 
animal models may be necessary to detail the main underlying 
mechanisms. Third, the devices used to restrict blood flow 
also varied between studies and have evolved over time. Instead 
of only the traditional electronically controlled pneumatic cuffs 
to induce restrictive pressures in a laboratory setting (KAATSU 
and KAATSU-mini, Sato Sports Plaza, Tokyo, JAP; Hokanson 
Rapid Cuff Inflation System, Bellevue, WA, United  States; and 
the Delfi Medical Innovations Systems, Vancouver, BC, CAN), 
there is also a more practical BFR technique (Loenneke et  al., 
2010) that uses commercially available elastic wraps or bands 
to reduce blood flow during exercise. Even though having the 
ability to select different restriction cuffs may be  useful, the 
differences in width and materials of the cuffs used to restrict 
blood flow can be  problematic and result in inconsistencies 
in the findings. Finally, many previous studies have used different 
procedures to set restriction pressures and have used numerous 
different exercise training protocols.

Adding to the confusion, many details about how the cuff 
pressures were determined [initial pressure/tightness of cuff 
before inflation vs. final/target pressure – based on the original 
KAATSU philosophy (Sato, 2005)] are not clear or perhaps 
are not even reported. Fullana et  al. (2005) reported that only 

a pressure greater than 40 mmHg would change venous diameter 
at thigh level. In addition, several studies confirmed that the 
accumulation of some by-products, such as lactate and hydrogen 
ions, might cause increased afferent signals from intramuscular 
metaboreceptors resulting in an increased growth hormone 
response (Takarada et  al., 2000a; Goto et  al., 2005). Therefore, 
setting the initial tightness of the cuffs to 40 mmHg or higher 
will apply some pressure on veins even when the cuffs are 
deflated, affecting the level of blood and by-product accumulation 
in the limbs, signals from muscle metaboreceptors, and venous 
return. A study by Karabulut et al. (2011b) reported supporting 
evidence of this theory that the session with greater initial 
tightness of the cuffs resulted in significantly lower tissue 
hemoglobin oxygen saturations and venous returns. Therefore, 
it is logical to assume that the lack of clear and descriptive 
information about BFR protocols has forced many researchers 
to develop their own specific BFR exercise protocols concerning 
the which muscle groups to study or what exercises should 
be  used, what the appropriate number of sets or repetitions 
should be, the length of the rest periods between sets and 
exercise, etc. This has resulted in little to no consensus of 
what is the most effective BFR exercise protocol.

This review will describe the safety issues and concerns 
associated with BFR exercise, a summary of the potential 
mechanisms for positive adaptations, the types of restrictive 
devices available for exercise, how restriction protocols and 
exercise protocols have evolved since the first introduction of 
BFR exercise in the 1960s and 70s, aerobic and anaerobic 
exercise with BFR, and the limitations from previous studies 
and current gaps in the research literature.

SAFETY ISSUES AND CONCERNS

Perhaps the largest and most comprehensive study that examined 
the safety and efficacy of BFR exercise was completed in Japan 
in 2005 (Nakajima et  al., 2006). Data were collected from 105 
out of 195 facilities where BFR exercise was being used. Several 
types of facilities were surveyed: sports training gyms (27%), 
osteopathic facilities (24%), hospitals and clinics (22%), 
acupuncture facilities and other therapeutic massage facilities 
(10%), and rehabilitative centers (3%). The length of time that 
each facility had been using BRF exercise ranged from more 
than 5 years (16%) to less than 1 year (24%), with training 
sessions ranging from 5 to 30 min, performed 1 to 3 times 
per week.

The most obvious concerns involve the cardiovascular system 
since the applied pressure directly affects blood flow return 
to the heart and central circulation and compressing blood 
vessels with the restrictive cuffs may also result in thrombosis 
and/or induce microvascular occlusion that could result in 
muscle cell damage and necrosis. Most often reported symptoms 
were dizziness and fainting due to the BFR-related reduced 
venous return and reduced cardiac preload. Surprisingly, the 
incidence of side effects reported in this large survey study 
was minimal and involved only a few incidences of venous 
thrombus (0.055%), pulmonary embolism (0.008%), and 
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rhabdomyolysis (0.008%), resulting in the authors concluding 
that BRF exercise was a safe method of training for athletes, 
healthy individuals, and persons with various physical conditions 
(Nakajima et  al., 2006).

In general, the potential effects of BFR exercise on the 
cardiovascular system depend on the level of restriction and 
the mode of exercise. Generally, the increases in heart rate, 
systolic blood pressure (SBP), and diastolic blood pressure are 
similar or perhaps even lower than high-load exercises performed 
with no restriction (Brandner et al., 2014; Mouser et al., 2018). 
Concerns regarding potentially dangerous spikes in blood 
pressure triggered by the exercise pressor reflex have also been 
raised (Spranger et  al., 2015). Resistance exercise combined 
with BFR has been shown to induce robust metabolic alterations 
in terms of accumulation of several metabolic by-products, 
such as lactate, inorganic phosphate, dihydrogen phosphate, 
and hydrogen ions (Suga et al., 2009, 2010). Due to the occlusion 
of venous return to the central circulation, metabolites are 
trapped and accumulate locally in the active musculature. Thus, 
there is some concern regarding the possibility of the elevated 
exercise-induced metabolic response generating exaggerated 
increases in blood pressure via the exercise pressor reflex 
(Spranger et  al., 2015). However, there is currently no data 
demonstrating that low-load resistance exercise with BFR elicits 
such rapid and exaggerated increases in blood pressure. In 
fact, Pinto et  al. (2018) investigated the cardiovascular and 
metabolic response of hypertensive women to low-load BFR 
versus traditional high-load resistance exercise and demonstrated 
that BFR resistance exercise induced neither an exaggerated 
nor greater cardiovascular or metabolic response compared to 
traditional resistance exercise. Additionally, studies by Kambič 
et  al. (2019, 2021) have reported that BFR training is safe 
and is associated with significant improvements in muscle 
strength and improved muscle function in patients with coronary 
artery disease (CAD) and that 8 weeks of BFR resistance training 
can significantly lower systolic and lower diastolic blood pressure 
with no changes in N-terminal prohormone B-type natriuretic 
hormone, fibrinogen, and D-dimer values in patients with CAD. 
Large artery compliance increased the same amount and small 
artery compliance less than observed with high-load exercise 
without restriction (Fahs et al., 2012), but another study reported 
that small arteries stay stiff for a longer period of time following 
acute vibration exercises in combination with blood flow 
restriction (Karabulut et al., 2018). With respect to the possible 
development of a thrombosis (as indicated by an increase in 
D-dimer) with BFR exercise, no reports have been found in 
the existing literature (Fry et al., 2010). Also, C-reactive protein, 
which is linked to clot formation, has also shown to be  stable 
following BFR exercise (Nakajima et  al., 2010).

Other potential concerns associated with BFR exercise have 
included increases in metabolic activity and possible muscle 
damage. Current findings indicate that BFR exercise does not 
increase oxidative stress or antioxidant defense (Goldfarb et al., 
2008; Petrick et  al., 2019). Regarding muscle damage, most 
studies indicate that BFR exercise does not seem to result in 
significant muscle damage (Loenneke and Abe, 2012; Karabulut 
et al., 2013; Thiebaud et al., 2013; Alvarez et al., 2019), probably 

due to the fact that the low training loads commonly used 
(i.e., 20 to 50% of 1RM) are not high enough to induce 
substantial mechanical stress. However, the possibility of muscle 
damage and even rhabdomyolysis episodes in response to BFR 
exercise have not been completely been ruled and are still 
debated in the literature (Loenneke et  al., 2014b; Burr et  al., 
2020; Wernbom et  al., 2020). It should be  noted that even 
though serious injuries are not common in the studies that 
use lab-based BFR units, which can set and control the pressure 
used during training, the use of elastic bands or wraps that 
cannot determine, set, or control the pressure can be problematic. 
Therefore, improper use of field-based, lab-based, or any other 
BFR techniques that cannot determine the pressure being used 
may result in serious health issues and can be  unsafe if total 
occlusion occurs.

POTENTIAL MECHANISMS

Although the long-term benefits of BFR exercise, including 
increased muscular size, strength, muscular endurance, muscular 
power, and enhanced aerobic capacity, have been extensively 
reported in the scientific literature (Laurentino et  al., 2012; 
Bjørnsen et  al., 2019; Wilk et  al., 2020), the underlying 
mechanisms responsible for these adaptations generally remain 
speculative. One of the most often referenced occurrence that 
is thought to be  linked to the positive adaptations of BFR 
exercise is the exercise-induced metabolic stress (Suga et  al., 
2010; Takada et al., 2012). Although BFR exercise is commonly 
performed at low loads (20–50% of maximal strength), most 
studies report a pronounced metabolic response as confirmed 
by the accumulation of metabolic by-products, such as lactate, 
di-protonated phosphate, deoxygenated hemoglobin, inorganic 
phosphate, and hydrogen ions and often at similar levels as 
those caused by traditional high-load resistance exercise in 
many studies (Suga et  al., 2009, 2012; Yasuda et  al., 2010a; 
Karabulut et  al., 2014).

This enhanced metabolic response to BFR exercise is important 
for several reasons. First, the accumulation of metabolic 
by-products thought to be  associated with the activation of 
groups III and IV afferent nerve fibers that inhibit the 
α-motoneurons that innervate slow-twitch motor units, thus 
requiring the early recruitment of the fast-twitch motor units 
which are more responsive to hypertrophic adaptations. 
Additionally, the BFR exercise-induced metabolic response is 
also linked to the acute release of anabolic hormones like 
growth hormone (GH) which could then result in an increase 
in insulin-like growth factor-1 (IGF-1) and ultimately an increase 
in vascular endothelium growth factor to stimulate vasculogenesis 
to accommodate the need for a greater blood supply to the 
increases in muscle mass. In fact, Takarada et  al. (2000a) 
reported an increase in blood lactate levels following a single 
bout of BFR exercise coupled to an approximately 290 times 
increase in GH compared to baseline levels.

The central chemoreceptors, located within the ventrolateral 
medulla, respond to alterations in [H+] and indirectly to CO2 
and peripheral chemoreceptors, located within the carotid and 
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aortic bodies, respond to changes in PaO2, PaCO2, and pH 
of the arterial blood. In addition, since baroreceptors sense 
the changes in blood pressure (Farell et  al., 2011), variation 
in cuff pressure may affect the level of venous return. Therefore, 
it can be speculated that stimulation of the central and peripheral 
chemoreceptors by the accumulated metabolites after deflating 
the BFR cuffs and the reduced end diastolic volume (preload) 
due to the BFR cuffs-related reduced venous return may 
be  responsible for the changes in several physiological systems 
and training-related adaptations.

A third potential underlying mechanism to explain the 
positive adaptations associated with BFR exercise is the muscle 
swelling that results from the induced exercise demands 
(Loenneke et  al., 2012a). Takarada et  al. (2000b) applied a 
BFR stimulus, without exercise, to patients following anterior 
cruciate ligament surgery. Each session consisted of 5 sets of 
BFR application, at pressures between 200 and 260 mmHg, 
separated by 3-min rest intervals, for 10 days following surgery. 
They reported a diminished disuse atrophy of the knee extensor 
muscles compared to a control group (9.4% vs. 20.7%, 
respectively). Since BFR was applied in the absence of exercise, 
the contributions of a localized metabolic response or increased 
muscle activity were unlikely contributors to the adaptations 
observed (Loenneke et  al., 2012c) leading to the speculation 
that activation of localized chemoreceptors or exercise-induced 
muscle swelling, commonly observed following BFR exercise, 
may play a role in the exercise hypertrophic response by shifting 
the protein balance toward anabolism. This is still speculative 
since a recent study demonstrated that the application of BFR 
in the absence of exercise did not increase myofibrillar protein 
synthesis, except when combined with exercise (Nyakayiru 
et  al., 2019).

A fourth potential mechanism to explain the adaptations 
associated with BFR exercise is an increased protein synthesis 
by altering biomolecular pathways, including the mammalian 
target of rapamycin complex 1 (mTORC1) and the inhibition 
of atrogenes like Muscle RING Finger1 (MuRF1) and atrogin-1 
and the inhibition of the myostatin (MSTN) pathway. Fry et al. 
(2010) reported that a single bout of BFR exercise at 20% of 
1-RM increased muscle protein synthesis by 56% in comparison 
with pre-exercise levels as well as increasing the phosphorylation 
of the mTORC1 downstream target ribosomal S6 kinase 1 
(S6K1). BFR exercise has also been shown to influence the 
MSTN pathway, which is a down regulator of muscle growth. 
In this context, Laurentino et  al. (2012) demonstrated that 
8 weeks of BFR resistance training resulted in similar muscular 
size and strength gains similar to traditional high-load resistance 
training with concomitant decrease in MSTN gene expression.

TYPES OF RESTRICTIVE DEVICES  
(LAB- AND FIELD-BASED)

The blood flow restriction devices commonly used are basically 
divided into two major groups: traditional (laboratory-based) 
and practical (field-based). Traditional laboratory-based BFR 
devices include the original KAATSU-Master and -Mini (Sato 

Sports Plaza, Tokyo, Japan), the Delfi Personalized Tourniquet 
System (Delfi Medical Innovations System, Vancouver, BC, 
CAN), and the Hokanson rapid cuff inflation system (Hokanson, 
Inc., Bellevue, WA, United States), with additional models being 
designed and released as BFR exercise training gains in popularity. 
KAATSU, Delfi, and Hokanson systems are electronically 
controlled units. The KAATSU, Hokanson, and Delfi units use 
standardized cuffs of varying widths and lengths which are 
physically attached to the devices with cords and provide the 
capability of precisely controlling the amount of pressure applied 
to each limb during exercise (McEwen et  al., 2019). However, 
disparities in features between the units results in differences 
in how the restrictive pressures are set [based on limb occlusion 
pressure (LOP)]. A study by Weatherholt et al. (2019) compared 
the Delfi and KAATSU devices to investigate the effects of 
cuff width on LOP and reported significant differences between 
units for LOP (Delfi: 239.4 mmHg vs. KAATSU: 500 mmHg). 
Although these devices are precise and relatively easy to use, 
they are quite expensive, and somewhat confined to laboratory 
or clinical settings, making it difficult to perform BFR exercise 
in more practical settings, such as gyms.

The inability to use traditional BFR in applied settings, like 
gyms and practice facilities, has stimulated the development 
of more practical approaches to traditional BFR exercise. Practical 
BFR exercise consists of using elastic bands or wraps placed 
around the exercising limbs and not connected to any external 
pressure controlling device. These techniques are much more 
affordable and widely available for sale online and require 
little to no training but have the potential to be over-tightened 
by those not familiar with the theory of BFR exercise. Since 
this type of training does not allow for precise control of the 
pressure that is being applied during exercise, care should 
be  used to ensure that the total occlusion of blood flow does 
not occur. Wilson et  al. (2013) proposed using a perceived 
tightness scale in an attempt to prescribe the restrictive pressure, 
although the reliability of this method has been questioned 
(Bell et  al., 2020). Recently, a more practical approach called 
“capillary refill time (CRT)” has also been used to set and 
adjust the restriction pressures. CRT is a measure of the time 
that takes for the capillary bed to regain its color after pressure 
has been applied. CRT is used in clinical settings to evaluate 
different populations such as children (Fleming et  al., 2016) 
and the elderly (Schriger and Baraff, 1988) with various health 
problems like circulatory failure, hemorrhagic fever, and 
peripheral perfusion (Silverstein and Hopper, 2015; Gallier, 
2020). If CRT takes more than a few seconds depending on 
the population and where it was measured (finger, hand, foot, 
leg, etc.), it is considered as a health problem or a sign of 
poor perfusion (Fleming et  al., 2015; Silverstein and Hopper, 
2015). During BFR exercise training, the CRT is determined 
by pressing the thumb into the quadriceps muscle immediately 
above the knee (for the leg pressure cuff) or into the palm 
of the hands (for the arm pressure cuff) and releasing to see 
how quickly (in seconds) the blanched (white) area returns 
to normal color. The pressure that allows the normal color to 
be  regained within 2 to 3 s is then used as the final/target 
pressure (Amano et  al., 2016). However, it should be  noted 
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that a study reported that CRT was dependent on patient and 
environmental factors (Anderson et  al., 2008), therefore, even 
though CRT has been used in clinical settings, using CRT for 
the purpose of BFR training is new and may need additional 
research to provide more details regarding this technique.

THE EVOLUTION OF DETERMINING 
RESTRICTIVE PRESSURES AND 
EXERCISE PROTOCOLS

The BFR technique originated in Japan by Yoshiaki Sato around 
the year 1960. The process began with self-experimentation, 
with Sato using the technique to rehabilitate from a fracture 
on his leg BFR exercise then gained public notoriety and made 
its way into research (Sato, 2005). The original research that 
used the KAATSU-Master device based restrictive pressures 
on a person’s upper body SBP (Wernbom et  al., 2006) or 
simply used arbitrary occlusive pressures around 200 mmHg 
(Takarada et  al., 2000a). For arm BFR exercise, pressures that 
corresponded to 120% of upper body SBP were used (Arm 
SBP × 1.2). For leg BFR exercise, an additional 20% restriction 
was added to the 120% of upper body SBP cuff pressure (Arm 
SBP × 1.44; Sato et al., 2005; Takano et al., 2005). This essentially 
resulted in a constant, uniform restriction pressure for all 
individuals who had similar SBPs, regardless of age, condition, 
limb size, or limb composition. This approach is similar to 
suggesting that all individuals should exercise with the same 
weight or run at the same pace, regardless of an individual’s 
specific characteristics. The use of arbitrary fixed pressures is 
also currently contraindicated as these may correspond to 
pressures above the persons’ total occlusive pressure, thus 
increasing the risks of nerve and ischemic injuries (McEwen 
et  al., 2019).

More recently, the basic concept of “individualization” has 
been used to set the restrictive pressures during traditional 
BFR exercise to various percentages of the total arterial occlusion 
pressure for an exercising limb as measured via Doppler 
ultrasound or predicted using standardized equations developed 
using biometrical measures, such as limb circumference 
(Laurentino et  al., 2018). These pressures are usually in the 
range of 40 to 60% of the total occlusion pressure for the 
limb. Additionally, similar long-term neuromuscular adaptations 
have been reported with restrictive pressures ranging from 40 
to 90% of total occlusion (Counts et  al., 2016). As a safety 
concern, prior to formal inclusion into any BFR exercise study, 
the individual’s ankle-brachial index should be  assessed to 
screen for peripheral artery disease and exclusion as a 
potential subject.

It should be  noted that setting the restrictive pressure at 
50% of the total occlusion pressure to a given limb does 
not mean that blood flow to the exercising limb has been 
reduced to exactly 50% of its normal flow at baseline. Mouser 
et  al. (2017) assessed brachial blood flow in the arms of 45 
men and women between the ages of 18 and 40 years, using 
color flow mode and Doppler velocity waveforms at 10% of 

total occlusion pressure, 20% total occlusion pressure, and 
up to 90% total occlusion pressure, increasing each 
measurement by 10% intervals. Results indicated that blood 
flow decreased in a nonlinear, stepped fashion but was fairly 
constant between 40% of total occlusion and 80% of total 
occlusion. At 40% of total occlusion pressure, flow was about 
55% of normal flow, whereas at 80% of total occlusion 
pressure, flow was at 49.3% of normal flow. This would 
indicate that there is no added advantage of increasing the 
restrictive pressure from 40% of total occlusion pressure any 
higher if blood flow remains essentially the same. This has 
resulted in most protocols now using 50% of total occlusion 
pressure as a standard BFR exercise pressure for most 
study designs.

The inability to set the restrictive pressures based on some 
standard assessment represents a significant limitation of using 
an elastic band or some other technique in a field setting 
since there is no way to reliably replicate conditions from day 
to day or from person to person and may result in over 
inflation and a possible increased risk of injury or muscle 
damage. One method proposed to determine the restrictive 
pressure that could be  used during practical BFR exercise was 
proposed by Wilson et  al. (2013) and consisted of using a 
perceived pain pressure scale that ranged from 0 to 10. The 
authors suggested that the elastic band would be  tightened 
around the person’s limb until it resulted in a moderate pressure 
without causing pain. In this same study, the authors 
demonstrated that practical BFR exercise resulted in the elevations 
of muscle swelling and increased myoelectric activity, both 
considered indicators of muscle hypertrophy. Although Wilson’s 
method seemed to work as an effective approach to individualize 
the restrictive pressure across different individuals, it was not 
as precise as the method classically performed during traditional 
BFR exercise that utilizes Doppler ultrasound. Additionally, 
the reliability and reproducibility of Wilson’s scale have been 
recently questioned (Bell et  al., 2020). Current studies are now 
trying to individualize the pressures to be used during practical 
BFR exercise based on the person’s limb circumference, the 
length of the elastic band, and CRTs.

For both traditional and practical BFR exercise, a typical 
protocol commonly consists of 4 sets of 30–15–15–15 repetitions 
(Wilson et  al., 2013; Vechin et  al., 2015). However, it should 
be  noted that repetitions performed to failure have also been 
shown to be  effective for inducing some neuromuscular 
adaptations (Sieljacks et  al., 2018; Jessee et  al., 2019). This 
approach highlights additional advantages of low-load BFR 
exercise over high-load resistance exercise, since there are lower 
mechanical stresses to the joints because of the lower loads 
(20% 1RM versus 70% 1RM or greater) and overall lower 
volume of exercise (load × total repetitions).

In terms of exercise intensity, most BFR exercise protocols 
include training loads between 20 and 50% 1-RM (Nakajima 
et  al., 2010; Yasuda et  al., 2010b), whereas loads higher than 
50% 1-RM do not seen to provide any additional advantages 
(Laurentino et  al., 2008). These lower loads used during BFR 
exercise help to lower or avoid muscle damage and soreness. 
Therefore, it shortens the time to recover from a single bout 
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of exercise, potentially allowing for an increased 
training frequency.

The length of the rest interval between sets usually varies 
from 30 s to 2 min, with 1 min and 1:30 min being the most 
common rest periods. Two to 5 min of rest have also been 
used between exercises for protocols that include more than 
1 exercise. Traditionally, the cuffs or the elastic wraps remain 
inflated or tightened during the entire exercise period; in other 
words, the cuffs or bands are positioned immediately before 
the first set and removed following completion of the last set 
of exercise. However, due to the discomfort that BFR exercise 
induces, new studies have started to investigate the physiological 
effects of intermittent BFR exercise, in which the cuffs are 
deflated during the rest intervals between sets. Conflicting 
results have been reported so far with studies demonstrating 
that intermittent BFR exercise does not seem to diminish the 
exercise-induced physiological response (Freitas et  al., 2020) 
while others show otherwise (Suga et  al., 2010).

Regarding the muscle groups of interest, due to its the 
nature, BFR should be  applied only to the most proximal 
portions of the arms and legs. For instance, even if one desires 
to train the calf muscles using the BFR method, the cuffs or 
elastic bands should still be  applied to the most proximal 
portion of the leg and not below the knee. Finally, although 
the application of BFR is limited to arms and legs, previous 
studies have demonstrated that core muscles may also benefit 
indirectly from BFR exercise. For instance, Yasuda et al. (2010b) 
had young males complete 2 weeks of twice a day bench press 
at 30% of 1-RM with BFR applied to the most proximal portion 
of both arms and observed a 6% increase bench press 1-RM 
strength, and 8 and 16% increases in triceps and pectoralis 
major muscle thicknesses, whereas no significant changes were 
observed for the control group following training.

AEROBIC EXERCISES WITH BLOOD 
FLOW RESTRICTION

The basic modes of exercise are either aerobic or anaerobic 
in nature. Aerobic exercises commonly used in combination 
with blood flow restriction usually include specific exercises 
like walking or cycling. The difficulty in setting the workload 
for aerobically based BFR exercises is the fact that exercise 
intensity is often based on some percentage of maximal heart 
rate (Ozaki et  al., 2011a). Since blood flow restriction causes 
a reduction in venous return and a resultant lowering of stroke 
volume, the ability to maintain cardiac output during exercise 
is then accomplished by an increased heart rate which may 
not be the same cardiovascular response that would be expected 
based on heart rate alone if blood flow restriction was not 
being used (Renzi et  al., 2010). Therefore, perhaps another 
way to set acute workloads for BFR protocols could be  based 
on perceived exertion to the exercise intensity rather than 
heart rate.

Traditional aerobic exercise is well known for improving 
oxygen consumption and consequently endurance performance, 
without significantly increasing muscle hypertrophy or strength. 

However, studies investigating the long-term effects of aerobic 
exercise with BFR have demonstrated that this technique is, 
surprisingly, effective at enhancing neuromuscular parameters 
in old and young individuals.

One of the first studies investigating the long-term effects 
of aerobic exercise with BFR was conducted by Abe et  al. 
(2006), who demonstrated that a walking protocol combined 
with BFR (160–230 mmHg) twice a day over the course of 
3 weeks was effective at increasing muscle cross-sectional area 
and volume by approximately 6% each in young adults. Such 
increases in muscle size parameters were also accompanied 
by increases in maximum dynamic (i.e., 1-RM) and isometric 
strength. In a follow-up study from the same research group 
using a similar protocol, the authors were able to replicate 
the study results, but in this case in a cohort of older individuals 
aged 60 to 78 years, in addition to improvements in functional 
parameters also being observed. In another study, Ozaki et  al. 
(2011b) had elderly women (53–73 years) complete 10 weeks 
of walking combined with BFR, consisting of 20-min sessions 
performed 4 times a week, with 140 mmHg to 200 mmHg of 
BFR. After training, the authors reported significant increases 
in muscle cross-sectional area (~3%) and volume (2.7–3.7%) 
in the thigh region, as well as in isokinetic strength (~8–22%), 
and in functional performance measured in the timed up and 
go test (−10.7%), with concomitant improvements in aerobic 
capacity (~9%). Furthermore, these adaptations observed with 
aerobic exercise with BFR are not limited to walking with 
BFR. Abe et al. (2010a) observed significant increases in skeletal 
muscle size and volume in the lower body and oxygen uptake 
following 8 weeks of cycling with BFR, although improvements 
in muscular strength did not reach statistical significance.

Such findings of walking in combination with BFR eliciting 
increases in skeletal muscle size and strength are surprising, 
as traditional aerobic exercise without BFR is well known for 
improving aerobic capacity but not skeletal muscle size or 
strength. Some of these increases have been reported to happen 
as early as after 4 consecutive training days (Abe et  al., 2006). 
Therefore, the findings from the aforementioned studies and 
others have great implications for individuals unwilling or 
unable to perform high-intensity resistance exercise and that 
are seeking to improve neuromuscular parameters, as such 
training modality may serve as a potential training alternative 
to resistance training. This is particularly true for those suffering 
from severe sarcopenia and strength loss, such as frail older 
individuals and several clinical populations.

Although the findings related to aerobic exercise with BFR 
present significant clinical relevance, much is yet to be clarified 
regarding its underlying mechanisms conducing to muscle 
hypertrophy. The acute release of anabolic hormones has been 
proposed as one of the potential mechanisms, as Abe et  al. 
(2006) detected significant increases in growth hormone 
immediately post- and up to 15 min post-exercise, while cortisol 
levels remained unchanged. On the other hand, Ozaki et  al. 
(2017) observed increases in GH in both BFR and control 
groups, whereas muscle hypertrophy had previously been 
observed only in the BFR walk group (Ozaki et  al., 2011b). 
Additionally, there is an intense debate on the contributions 
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of anabolic hormones to the exercise-induced hypertrophic 
response (Schroeder et  al., 2013). It has also been speculated 
that a potential exercise-induced metabolic response during 
aerobic exercise with BFR could facilitate the recruitment of 
the more prone to hypertrophy type II muscle fibers. However, 
the metabolic response to walking with BFR is either minimal 
or non-existent according to Loenneke et al. (2012d), although 
a more pronounced increase was observed by Ozaki et  al. 
(2014). Another suggested mechanism through each aerobic 
exercise with BFR elicits its positive neuromuscular adaptations 
is the exercise-induced muscle swelling. The muscle swelling 
response has long been thought to be  one of the mechanisms 
leading to muscle hypertrophy in the context of resistance 
exercise with BFR (Loenneke et  al., 2012c). Although little is 
known regarding the effects of aerobic exercise with BFR on 
muscle swelling, specially concerning walking, Ogawa et  al. 
(2012) reported significant percent change increases in muscle 
thickness immediately post a single bout of walking with BFR. 
Lastly, the modulation of biomolecular pathways governing 
muscle protein turnover, such as Akt/mTOR and myostatin, 
has also been speculated to contribute to the reported responses 
to aerobic exercise with BFR. Ozaki et  al. (2014) reported 
significant increases in phosphorylation of Erk1/2 and p38 
following a walking protocol with BFR; however, it should 
be  highlighted that increases in p38 were also observed in 
the non-BFR walking condition; additionally, eEF2 
phosphorylation was lower for BFR walking compared to 
non-BFR walking, no significant changes were observed in 
Akt and mTOR phosphorylation levels, as well as no differences 
between conditions for changes in SK1 phosphorylation, and 
eEF2 phosphorylation was lower for the BFR condition. 
Nonetheless, these results should be  interpreted with caution 
due to the limited samples size (i.e., 6 participants) and 
limitations of the study design. Therefore, additional studies 
are critically needed to further elucidate the mechanism through 
which aerobic exercise combined with BFR induces 
muscle hypertrophy.

ANAEROBIC EXERCISES WITH BLOOD 
FLOW RESTRICTION

For anaerobic-based modalities, that is, resistance exercises, 
intensities most often will be  based on relative loads (percent 
of maximal strength, % 1RM) rather than absolute loads (Giles 
et al., 2017). It should be noted that several modes of contraction 
exist to assess performances to resistance exercise which include 
isometric contractions (no visible movement of the limb during 
muscular contraction), isotonic contractions (constant force 
being generated throughout the entire range of motion as 
controlled devices like Cybex or KinCom), isokinetic contractions 
(constant velocity of movement throughout the entire range 
of motion as controlled by devices like Cybex or KinCom), 
or dynamic contractions with the use of free weights. In many 
studies, relative loads of 20 to 30% 1RM with blood flow 
restriction have been compared to traditional high-intensity 
(80% 1RM; Laurentino et al., 2008, 2012; Karabulut et al., 2010) 

resistance training without blood flow restriction but blood 
flow restriction exercise loads have ranged from 20 to 50% 1RM.

As mentioned above, the original protocols designed for the 
KAATSU-Master and BFR resistance exercise used loads of 20 
to 30% 1RM with 4 sets of exercises composed of 1 set of 30 
repetitions followed by 3 sets of 15 repetitions with 1-min rest 
periods between sets and at a cadence of 1.5 s in both the 
eccentric and concentric portions of the movement (Freitas et al., 
2017; Miller et  al., 2018). When multiple exercises are used 
(usually 2 or 3 total exercises for a given session, like 2 leg 
press, followed knee extension, and knee flexion), then rest periods 
between exercises are usually between 3 and 5 min. Normally, 
the restrictive pressures would be  maintained throughout the 
entire session but recent studies indicate that releasing the pressure 
in the cuffs between different muscle groups does not seem to 
diminish the effects of the exercise protocol and are as effective 
as the continuous restriction protocols (Beaven et al., 2012; Yasuda 
et  al., 2013). Many of the early studies used a single, acute bout 
of the exercise to explore various physiological responses and 
then imply that the lower intensity protocols used with blood 
flow restriction (20–30% 1RM) were as effective as high-intensity 
(80% 1RM) resistance exercise for gaining strength and promoting 
muscle hypertrophy. Training protocols using blood flow restriction 
are fairly limited and usually short in duration, normally lasting 
between 4 and 8 weeks (Clark et  al., 2011; Cook et  al., 2014; 
Conceição et  al., 2018; Held et  al., 2020; Karabulut et  al., 2020; 
Zhao et  al., 2020). Most often, training protocols use 3 training 
sessions per week with each session separated by 48 h (Clark 
et  al., 2011; Held et  al., 2020) but some designs use daily bouts 
of exercise (5 times per week) and some even use 2 bouts per 
day for 8 to 10 consecutive days (Iida et  al., 2006).

LIMITATIONS FROM PREVIOUS STUDIES 
AND CURRENT GAPS IN THE 
RESEARCH LITERATURE

The ability to accurately interpret results from a published paper 
is often dependent on the clarity of the research design, participant 
and protocol descriptions, and the clear description of the statistics 
used to analyze the data. As with most research designs, there 
are an infinite number of combinations of potentially confounding 
issues related to participant selection for the protocol, like age, 
sex, training status, health status, nutritional status, hormonal 
status, etc., but with blood flow restriction protocols, many other 
factors must also be  considered. These additional factors could 
include the type of cuff used to induce the restriction pressure 
(width of the cuff, type of material, pneumatically controlled 
cuffs or tension wraps or bandages applied based on perceived 
discomfort; Loenneke et  al., 2014c; Buckner et  al., 2017; Stray-
Gundersen et  al., 2020), initial pressure/tightness of the cuffs 
before inflation (Karabulut et  al., 2011a, 2014), the restrictive 
pressure used (absolute, relative, percent of total restrictive pressure, 
intermittent pressure, continuous pressure; Murray et  al., 2020), 
the composition (fat and muscle mass; Karabulut et  al., 2014) 
and size (circumference or girth) of the limb being restricted 
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(Loenneke et  al., 2014a), the mode of exercise (walking, cycling, 
resistance training, absolute loads, relative loads, contraction types 
– isometric, isotonic, isokinetic), the protocols used if exercise 
is required (number of repetitions, number of sets, muscle groups, 
cadence of the concentric and eccentric portions of the movement, 
time under tension), and if the responses are acute or due to 
prolonged training (how many sessions, days, weeks, etc.).

Over the past 20 years, most blood flow restriction studies 
have used male subjects, often college-aged males (18–25 years 
of age) because of convenience; however, a few studies have 
also included college-aged females but then failed to separate 
the sexes when analyzing the data. Only recently, a few studies 
have focused solely on female participants (Loenneke et  al., 
2014a). The importance of separating the responses based on 
sex is grounded in the differences in hormonal status between 
men and women (testosterone levels, estrogen levels, phase of 
the menstrual cycle, etc.). As mentioned earlier, many studies 
have used a college-aged population (Abe et  al., 2010a), but 
some studies have also investigated middle-aged (35–55 years 
of age) and older subjects (over age 65 years; Abe et  al., 2010b; 
Ozaki et al., 2011a,b), but these studies are much fewer in number.

The training status of participants has not always been 
reported in many BFR exercise studies, making the interpretation 
of the results difficult since the more sedentary or deconditioned 
the subject, the greater the magnitude of change that might 
be expected. Obviously, health status will also affect the outcome 
measures of any study, with normal healthy individuals 
responding very differently than those that have a compromised 
health status or those having a clinically diagnosed condition 
like hypertension, diabetes, multiple sclerosis, osteoarthritis, 
etc. It is also important to examine the nutritional status of 
participants in research studies since certain supplements 
(creatine, protein, etc.) or diets deficient in some nutrients 
(protein, vitamins, etc.) could also affect outcome variables 
that are being assessed following BFR protocols, like muscle 
growth or hypertrophy and improvements in muscle strength.

When examining cuff type, factors like cuff width, the material 
of the cuff, and whether the restriction pressure is carefully set 
and controlled with a pneumatic device in a laboratory setting 
or if the pressure is not known because a practical elastic wrap 
has been used in a community-based setting, also needs to 
be  considered and reported in the literature. The importance 
of reporting cuff width is critical since the amount of occlusion 
increases as the cuff width increases at similar restrictive pressures 
(Loenneke et  al., 2012b) resulting in increased brachial and 
central blood pressures, heart rates, perceived efforts, and perceived 
pain. The original KAATSU-Master uses an elastic 3 cm wide 
cuff for the arms and a 5 cm cuff for the legs, while the Hokanson 
pneumatic device uses a nylon 3.5 cm cuff for the arms and a 
13.5 cm nylon cuff for the legs. In general, cuff widths have 
ranged from 2 cm for the arms to over 20 cm for the legs.

The material of the cuff is also important to report. In 
general, the differences between elastic and nylon cuffs are 
minimal with both types resulting in similar numbers of 
repetitions to fatigue and similar ratings of perceived exertion 
and discomfort; however, some reports indicate that the arterial 
occlusion pressures were significantly greater when using the 

elastic cuff when compared to the nylon cuff. The major issue 
with elastic wraps (i.e., tensor bandages) used in a community 
setting is the issue that there is no way to monitor or assess 
the exact level of occlusion that is occurring since the tightness 
of the wraps will determine the amount of restriction, so unless 
a person is very experienced with the technique of blood flow 
restriction exercise and is very aware of the sensation that 
should be  felt with appropriate restriction, it is generally 
recommended that the use of elastic wraps should not be used 
in gym settings because of the tendency to over restrict blood 
flow or to inadvertently totally occlude blood flow altogether.

The original research that used the KAATSU-Master device 
used a restrictive pressure of 120% of upper body SBP (Arm 
SBP × 1.2) for the arms (normally around 140–160 mmHg) and 
then added an additional 20% to the 120% of upper body 
SBP cuff pressure (Arm SBP × 1.44) to account for differences 
in lower body SBP for the legs (usually around 180–240 mmHg). 
This original research also maintained the constant restrictive 
pressure for the entire exercise session across all repetitions, 
sets, and muscle groups, and the pressures were the same for 
all participants regardless of the size of the limbs that were 
being exercised. More recent studies have explored the ability 
to release the restrictive pressure in the cuffs between different 
muscle groups (after 2 leg press and before knee extensions 
for example) and have reported similar results to protocols 
that use pressures that are continuously applied throughout 
the session (Burgomaster et  al., 2003). Also, based on the 
concept of individualization, researchers have now been 
determining the pressures needed to totally occlude the legs 
individually or the arms individually, and then using some 
relative percentage of the total occlusion pressure for the exercise 
session (Laurentino et  al., 2008). These relative pressures have 
been around 50% of the pressure needed for total occlusion 
with the idea that this would result in 50% of the blood flow 
to the exercising limb would also be restricted; however, studies 
have indicated that blood flow to the restricted limb (about 
50% of normal flow without restriction) is similar for restrictive 
pressures between 40 and 90% of total occlusion pressure for 
a given limb when utilizing techniques that can actually measure 
blood flow, like Doppler ultrasound (Counts et  al., 2016).

The concept that limb composition might have an effect 
of the amount of blood flow restriction that a limb might 
experience depending on the pressure being used is based on 
the ability to compress the different tissues of the limb (fat 
versus muscle). It is logical to think that limbs containing 
more fat might need more pressure to achieve the desired 
restriction to blood flow since it was thought that fat would 
compress and absorb most the pressure without compressing 
the vasculature that would be  closer to the muscle. One study 
(Karabulut et  al., 2011a) reported that thigh composition and 
size had a significant impact on the effects of initial restrictive 
pressure. Other studies have investigated the amounts of fat 
and muscle mass in the limb being restricted and have reported 
that the circumference of the limb is more predictive of restrictive 
pressure as compared to the composition of the limb with 
larger limbs needing greater pressures to achieve a given level 
of blood flow restriction (Loenneke et  al., 2014a).
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CONCLUSION

Blood flow restriction exercise remains a relatively safe training 
strategy for those unable or unwilling to perform high-intensity 
resistance exercise or endurance exercise, yet wanting to improve 
neuromuscular parameters, such as muscular strength, power, 
and function, and improve aerobic endurance. However, considering 
the complexity of the technique, questions still need to be answered 
regarding the precise underlying mechanisms responsible for the 
adaptations to BFR exercise, as well as practical concerns, such 
as determining the most appropriate restrictive pressures to 

be  applied, the type of restrictive devices to be  used, potential 
risks for clinical populations – especially concerning the 
cardiovascular system and adequate lengths of time for training 
and the volumes of low-intensity exercise that need to be performed.
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