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ABSTRACT

Pope, ZK, Willardson, JM, and Schoenfeld, BJ. Exercise and

blood flow restriction. J Strength Cond Res 27(10): 2914–

2926, 2013—A growing body of research has demonstrated

the effectiveness of exercise (low-intensity resistance train-

ing, walking, cycling) combined with blood flow restriction

(BFR) for increased muscular strength and hypertrophy.

The BFR is achieved via the application of external pressure

over the proximal portion of the upper or lower extremities.

The external pressure applied is sufficient to maintain arterial

inflow while occluding venous outflow of blood distal to the

occlusion site. With specific reference to low-intensity resis-

tance training, the ability to significantly increase muscle

strength and hypertrophy when combined with BFR is differ-

ent from the traditional paradigm, which suggests that lifting

only higher intensity loads increases such characteristics.

The purpose of this review was to discuss the relevant liter-

ature with regard to the type and magnitude of acute re-

sponses and chronic adaptations associated with BFR

exercise protocols vs. traditional non-BFR exercise protocols.

Furthermore, the mechanisms that stimulate such responses

and adaptations will be discussed in the context of neural,

endocrine, and metabolic pathways. Finally, recommenda-

tions will be discussed for the practitioner in the prescription

of exercise with BFR.

KEY WORDS hypoxia, KAATSU, metabolic acidosis,

hypertrophy, strength, growth hormone

INTRODUCTION

B
lood flow restriction (BFR) as an accessory to
a variety of different exercise modes (e.g., resis-
tance exercise, walking, cycling) has recently
become a popular research topic. The BFR dur-

ing exercise typically involves the application of pressur-
ized cuffs to the proximal portion of each lower extremity

(i.e., inguinal crease [48,90]) or upper extremity (i.e., distal
to the deltoid muscle [91]). Resistance exercise research
on this topic has typically tested relatively low intensities
(i.e., 20–30% of 1 repetition maximum [1RM]), high repe-
titions per set (i.e., 15–30), and short rest intervals between
sets (i.e., 30 seconds [91]). Lastly, research has commonly
examined single joint exercises (e.g., plantar flexion, elbow
flexion, leg extension [76,90]) to minimize the complexity
of the movement pattern with the blood flow partially
restricted.

Research has demonstrated that BFR exercise training
resulted in increased muscular strength (27,49,61,83,91),
hypertrophy (1,37,49,90,91), localized endurance (38,90),
and cardiorespiratory endurance (1,72). The time course
of these adaptations has been hypothesized to occur dif-
ferently vs. traditional resistance training that incorporates
heavier loads without the application of BFR (55). Hypo-
thetically speaking, the potential mechanisms for these
adaptations may include (a) hypoxia-induced additional
or preferential recruitment of fast-twitch (FT) muscle fi-
bers, (b) greater duration of metabolic acidosis via the trap-
ping and accumulation of intramuscular protons (H+ ions)
and stimulation of metaboreceptors, possibly eliciting an
exaggerated acute systemic hormonal response, (c) exter-
nal pressure-induced differences in contractile mechanics
and sarcolemmal deformation, resulting in enhanced
growth factor expression and intracellular signaling, (d)
metabolic adaptations to the fast glycolytic system that
stem from compromised oxygen delivery, (e) production
of reactive oxygen species (ROS) that promotes tissue
growth, (f ) gradient-induced reactive hyperemia after
removal of the external pressure, which induces intracellu-
lar swelling and stretches cytoskeletal structures that may
promote tissue growth, and (g) activation of myogenic
stem cells with subsequent myonuclear fusion with mature
muscle fibers (70).

It should be noted that not all mechanisms appear active
in all forms of BFR exercise. Loenneke et al. (51) hypothe-
sized that adaptations such as strength, hypertrophy, and
endurance associated with BFR exercise may take place in
the absence of significant metabolite accumulation and sys-
temic hormonal response or the additional recruitment of
FT muscle fibers. The justification for this hypothesis was
based on observations concerning the maintenance or
increase in muscle strength and size for BFR protocols
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conducted without exercise or in conjunction with walking.
Under such conditions, there is no significant metabolite
accumulation or systemic hormonal responses. It was con-
cluded that cell swelling caused by reactive hyperemia might
be a common mechanism present with all forms of BFR
exercise that stimulates muscular adaptations.

Perhaps the key aspect of BFR training is the unexpect-
edly low relative intensity at which the adaptations are
stimulated to occur. Numerous studies examining BFR
reported increased muscle cross-sectional area (CSA) and
strength after BFR plus walking (2), BFR plus cycling (1),
BFR plus body weight circuit training (37), and BFR plus
resistance training with 20% of a 1RM load (5)—far below the
typical intensities thought necessary to induce hypertrophic
and strength adaptations (7). However, it should also be
noted that the application of BFR in the absence of exercise
has been shown to prevent reductions in muscle strength
and size because of prolonged periods of disuse and immo-
bilization. The purpose of this review will be to discuss the
relevant literature with regard to the type and magnitude of
acute responses and chronic adaptations associated with
BFR in conjunction with different exercise modes protocols
vs. traditional non-BFR exercise modes. Furthermore, the
mechanisms that stimulate such responses and adaptations
will be discussed in the context of neural, endocrine, and
metabolic pathways. Finally, recommendations will be dis-
cussed for the practitioner in the prescription of BFR
exercise.

HEMODYNAMICS AND BLOOD FLOW RESTRICTION

Application of External Pressure

The BFR has been achieved via the application of a tourniquet
(83), pressurized cuff (88), or elastic banding (53). The exter-
nal pressure applied is sufficient to maintain arterial inflow
while occluding venous outflow of blood distal to the occlu-
sion site. Early studies that tested responses to BFR used
pressures .250 mm Hg (83), yet significant adaptations have
been demonstrated with pressures as low as 50 mm Hg (86).

Takano et al. (88) found that a pressure of 160–180 mm
Hg with a 33-mm-wide cuff resulted in an approximate 30%
reduction in arterial blood flow vs. that observed in a resting
seated position. It has been demonstrated that as cuff width
increases, the pressure requirements to achieve a given per-
centage of restricted blood flow decreases (17,52). The
restricted blood flow (88) reduces intramuscular oxygen
delivery (92) and decreased venous clearance of metabolites
(36), leading to exaggerated levels of metabolic acidosis and
an earlier onset of peripherally mediated fatigue as demon-
strated in reduced time under tension and significantly fewer
repetitions during resistance exercise sets (54,96). However,
it should be noted that BFR plus walking or BFR in the
absence of exercise does not result in a significant accumu-
lation of metabolites, indicating that other mechanisms, such
as reactive hyperemia, might account for adaptations asso-
ciated with these modes of BFR. The succeeding sections

will discuss studies that assessed various physiological
responses and adaptations via BFR in conjunction with dif-
ferent types of exercise alone or in comparison with tradi-
tional exercise modes.

Muscle Oxygenation

Tanimoto et al. (92) compared 3 sets of knee extensions (30
repetitions performed during the first set; the second and
third sets were performed for repetition maximums with
1-minute rest intervals between sets) under 4 conditions—
(a) low-intensity (30% of 1RM) with BFR (200 mm Hg;
cuff width not reported), (b) low-intensity (50% of 1RM)
with controlled velocity (i.e., 3-second eccentric, 3-second
concentric, 1-second pause), (c) low-intensity (50% of 1RM)
with isometric actions, and (d) high-intensity (80% of 1RM)
with normal movement—to assess muscle oxygenation.
The authors found that the low-intensity with BFR condi-
tion (i.e., session “a”) elicited the greatest decrease in
mean minimal muscle oxygenation (;22% of baseline) dur-
ing exercise, whereas sessions b, c, and d elicited decreases
of approximately 24, 28, and 36% of the baseline, respec-
tively. Furthermore, the mean maximal muscle oxygen val-
ues postexercise were approximately 143, 122, 105, and
121% of the baseline value. These results indicate that the
greatest degree of blood reperfusion occurred after the BFR
condition.

The trapping of metabolites via an occlusive stimulus
creates a pressure gradient favoring the flow of blood into
the muscle fibers (intracellular space). This enhanced reperfu-
sion and subsequent intracellular swelling are believed to
threaten the structural integrity of the cell membrane, pro-
moting an anabolic response (51). There is a large body of
evidence indicating that cell swelling promotes an increase in
protein synthesis and a decrease in proteolysis in a variety of
different cell types including hepatocytes, osteocytes, breast
cells, and muscle fibers (46,58). It also has been hypothesized
that an increase in myocellular hydration may trigger the
proliferation and fusion of satellite cells to promote hyper-
trophy (18). In combination, these factors could conceiv-
ably help to mediate hypertrophic adaptations pursuant to
exercise with BFR.

A recent study by Gundermann et al. (33), however, found
that the infusion of a pharmacological vasodilator into the
femoral artery immediately after BFR exercise did not
increase muscle protein synthesis to a greater extent than
BFR exercise alone did, suggesting that reperfusion might
not be the key stimulus promoting the hypertrophic response
to BFR training. However, the study was limited by the fact
that the researchers could not accurately reproduce the
immediate (first ;10 minutes) postexercise hyperemic
response, making it difficult to assess whether or not the initial
signal from cellular hydration plays a role in anabolism. Fur-
ther research is required to shed more light on this topic.

Hyperoxia (i.e., excessive tissue oxygenation) is known to
generate ROS (i.e., hydrogen peroxide [H2O2], hypochlorous
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acid [HOCl]) that can cause cell injury via lipid peroxidation
(LP), enzyme inactivation, and DNA damage (11) upon
reperfusion. However, distinctions have been made between
ROS produced chronically during resting conditions, where
radicals are primarily generated by the mitochondrial electron
transport chain in the beta-oxidation of fatty acids, and those
generated transiently by contracting muscles during exercise
(6). The ROS have been shown to promote growth in both
smooth muscle and cardiac muscle (87), and several research-
ers have speculated that they might be involved in the hyper-
trophic response pursuant to BFR (92,94,97). Hornberger
et al. (35) demonstrated that selenoprotein-deficient trans-
genic mice exhibited significantly greater increases in exer-
cise-induced muscle growth compared with that in wild-
type controls, suggesting an ROS-mediated hypertrophic
effect through redox sensitive signaling pathways. Conversely,
there is evidence that ROS may have a negative effect on
various serine and threonine phosphatases, including calci-
neurin (13). Given that calcineurin has been shown to mediate
muscle hypertrophy (20,66), elevated ROS levels may in fact
interfere with the growth process. The topic is obviously
complicated, and there remain large gaps in our knowledge
base at this time.

Although hypoxia and subsequent reperfusion associated
with arterial occlusion have been shown to increase ROS
levels (41,93), results have not been consistent in studies
investigating BFR exercise. Takarada et al. (89) reported
that concentrations of lipid peroxide were not significantly
different between a BFR group compared with those per-
forming the same exercise without BFR. Similarly, Gold-
farb et al. (28) found that although partial occlusion alone
increased levels of protein carbonyl, a marker of ROS stress,
the response was attenuated when low-intensity resistance
was combined with BFR. The reasons for these discrepant
findings are not clear at this time. Further research is war-
ranted to elucidate whether ROS play a role in postexercise
muscle adaptations pursuant to BFR and, if such a role does
in fact exist, to determine whether these adaptations dis-
play a dose-response relationship.

CARDIOVASCULAR RESPONSES AND ADAPTATIONS

Heart Rate and Stroke Volume

The BFR has been shown to alter cardiac output during
walking (77), and resistance exercise (88), yet might be
dependent on the mode and level of exertion (e.g., submax-
imal vs. exhaustive) (54). Renzi et al. (77) found that, during
walking with BFR, the restriction to venous return and
increased vascular resistance was manifested in a reduced
stroke volume (SV) and simultaneous increase in the heart
rate (HR) to maintain cardiac output. Other research (3,88)
has also confirmed an increased HR response.

Kacin and Strazer (38) evaluated isoinertial endurance via
dynamic knee extensions under 2 conditions: (a) 15% of
maximal voluntary contraction (MVC) without BFR, (b)
15% of MVC with BFR at 230 mm Hg (13-cm cuff width);

the BFR condition was performed to repetition failure,
whereas the non-BFR condition was performed for submax-
imal repetitions to equate the total volume for each protocol.
The authors found that both conditions similarly elevated
HR to approximately 200 b$min21 at 10 seconds postexer-
cise. Furthermore, Loenneke et al. (54) observed similar HR
responses during 2 sets of bilateral knee extensions to failure,
at 30% of 1RM with BFR via elastic knee wraps and without
BFR. Collectively, these findings indicate that an increased
HR response may be inevitable with or without BFR when
exercise is performed to repetition failure.

Blood Pressure

Research examining blood pressure response to BFR
exercise has varied. Renzi et al. (77) observed a substantial
increase in diastolic, systolic, and mean blood pressures dur-
ing walking with BFR. Double product (index of myocardial
oxygen demand) was 3-fold higher during the BFR session
vs. the control (77). Yet, Kacin and Strazer (38), discussed
previously, found that both (Isch and Con) conditions sim-
ilarly increased systolic, diastolic, and mean arterial pressures
to roughly approximately 200, 120, and 150 mm Hg, respec-
tively, at 10 seconds after repetition failure. Based on these
findings, it appears that the type of training (walking vs. knee
extension) and level of exertion (submaximal effort vs. repe-
tition failure) might determine whether BFR training poses
any additional or excessive demand on the cardiovascular
system and caution should be exercised (e.g., less external
pressure, less time under pressure, less exertion) for individ-
uals with any form of cardiovascular disease.

Rossow et al. (79) compared postexercise (30 and 60 mi-
nutes) blood pressure responses in normotensive subjects
after lower-body resistance exercise (i.e., leg press, knee
flexion, knee extension, and plantar flexion) under 3 con-
ditions; high-intensity (70% of 1RM; 3 sets of 10 repeti-
tions; 1-minute rest intervals between sets), low-intensity
(20% of 1RM; 4 sets; 30 repetitions first set; 15 repetitions
sets 2, 3, and 4; 30-second rest intervals between sets), and
the low-intensity protocol with the application of BFR (200
mm Hg; 5-cm cuff width). The authors found that only the
high-intensity resistance exercise protocol induced a signif-
icant postexercise hypotensive (PEH) response. A potential
flaw in the procedures was that the total volume of exercise
(load 3 sets 3 repetitions) was not reported or compared
between groups (e.g., 120 repetitions low-intensity condi-
tion vs. 30 repetitions high-intensity condition), which may
account for the differences in the PEH response.

It should also be emphasized that the Rossow et al. (79)
subjects were already normotensive to begin with. It would
have been expected for hypertensive individuals to exhibit
a hypotensive response. An accumulating PEH response,
from reductions in peripheral vascular resistance, might be
important in obtaining a longitudinal reduction in blood
pressure. However, high-intensity resistance training is con-
traindicated for hypertensive individuals and future research
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should examine potential reductions in blood pressure for
hypertensive individuals with consistent application of
BFR during resistance training.

Vascular Function

Research examining measures of vascular function in con-
junction with BFR has been inconsistent. One such measure,
arterial compliance, has been examined in both acute and
longitudinal studies. Renzi et al. (77) examined hemodynam-
ics and endothelial function before and 20 minutes after
walking with and without continuous BFR (160 mm Hg;
cuff width not reported). The exercise protocol consisted
of 5 sets of 2-minute duration treadmill walking bouts with
1-minute rest intervals between sets. The authors found that
systemic arterial compliance, indicative of the ability of vas-
culature to expand and retract during cardiac contraction
and relaxation (determined via SV/pulse pressure ratio)
decreased by 19% during the BFR condition vs. a 14%
increase after the control condition; decreased arterial com-
pliance has been associated with increased risk of cardiovas-
cular disease. However, further research is needed to
establish whether an acute reduction in arterial compliance
is associated with long-term negative outcomes in cardiovas-
cular health, especially for those with initial compromised
cardiovascular function.

Conversely, short-term resistance training interventions
have collectively indicated that the application of BFR does
not negatively alter vascular function. Kim et al. (39) examined
arterial compliance after a 3-week intervention that compared
high-intensity lower-body (leg press, knee flexion, and knee
extension) resistance training (80% of 1RM; 2 sets of 10 rep-
etitions; 2-minute intervals between exercises; 1-minute rest
intervals between sets) vs. low-intensity resistance training
with BFR (20% of 1RM; 2 sets of 10 repetitions; 2-minute
intervals between exercises; 1-minute intervals between sets).
The authors found that neither high-intensity nor low-
intensity with BFR resulted in decreased arterial compli-
ance. Furthermore, there was a trend in the low intensity
with BFR session (18% increase from baseline) toward an
increased arterial compliance of the large arteries.

Similarly, 2 studies by Fahs et al. (21,22) examined acute
and longitudinal responses in large and small arterial com-
pliance and calf blood flow in recreationally active and
healthy young men. In the first acute study (21), 3 bouts of
resistance exercise were compared that included high inten-
sity (70% of 1RM; 3 sets of 10 repetitions; 1-minute rest
intervals between sets); and low intensity with and without
BFR (20% of 1RM; first set 30 repetitions followed by 3 sets
of 15 repetitions; 30-second rest between sets); the exercises
performed in succession were the supine leg press, seated
knee flexion, seated knee extension, seated plantar flexion.
During the low intensity with BFR bout, the cuff width was
50 mm, and the pressure was 200 mm Hg. The results indi-
cated that large arterial compliance had increased up to the
15-minute point after all the bouts. However, only the high-

intensity bout elicited an increase in small arterial compli-
ance and calf blood flow.

In a subsequent longitudinal study carried over 6 weeks in
the same sample, Fahs et al. (22) compared resistance train-
ing with 3 different training groups (and a nonexercise con-
trol group) for the same dependent variables as the previous
acute study (21). All the training groups performed 3 work-
outs per week that consisted of 3 sets of 10 repetitions at 50%
of 1RM for 4 upper body exercises (lat pulldown, seated
shoulder press, elbow extension, and elbow flexion). How-
ever, the knee extension and knee flexion exercises were
varied in this manner: high intensity (70% of 1RM; 3 sets
of 10 repetitions; 1-minute rest betweens sets); moderate
intensity (45% of 1RM; 3 sets of 15 repetitions; 1-minute rest
between sets); low intensity with BFR (20% of 1RM; first set
30 repetitions followed by 3 sets of 15 repetitions; 1-minute
rest between sets). The results indicated that calf blood flow
(calf vascular conductance) was increased in all 3 groups
compared with that in the control group without any
changes in arterial compliance. The results from both these
acute and longitudinal studies indicate the safety of low-
intensity resistance exercise and training with BFR and indi-
cate that from a longitudinal perspective it might be a suitable
alternative to high-intensity resistance training for positive
cardiovascular adaptations in normotensive individuals.

Patterson et al. (73) examined both resting and postocclu-
sive blood flow (i.e., reactive hyperemia) before and after
a 4-week, plantar flexion training intervention. The subjects
were assigned to 1 of 2 matched groups based on plantar
flexion 1RM. A moderate-intensity group (50% of 1RM; 3
sets to failure; 1-minute rest intervals between sets) and low-
intensity group (25% of 1RM; 3 sets to failure; 1-minute rest
intervals between sets) performed unilateral plantar flexion
with continuous BFR (110 mm Hg; cuff width not reported)
followed by a work-matched non-BFR protocol for the con-
tralateral limb. The authors reported an increase in acute
peak postocclusive calf blood flow for each group and only
in the limb exercised in conjunction with BFR; no differ-
ences were reported for resting calf blood flow between
conditions. The greater reactive hyperemia after BFR exer-
cise may damage the endothelium; a potential concern for
individuals with peripheral vascular disease and increased
risk for thrombus formation. However, epidemiological
research to date has indicated that the application of BFR
during various exercise modes (walking, cycling, resistance
training) is safe (15,69).

Cardiovascular repercussions must be accounted for in
determining appropriate populations for which to incorpo-
rate BFR exercise training. Credeur et al. (16) reported that 4
weeks of BFR training (i.e., handgrip exercise) decreased
brachial artery flow-mediated dilation (;30.36%). Addition-
ally, Renzi et al. (77) found that a BFR session significantly
decreased flow-mediated vasodilation of the popliteal artery.
This decreased endothelial function might be indicative of
ischemia-reperfusion injury to the vascular endothelium.
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Therefore, more research is warranted to fully elucidate the
vascular responses associated with BFR exercise and train-
ing. Although some effects of BFR training would be bene-
ficial to cardiac populations (e.g., increased muscle strength
and hypertrophy), other acute aspects might increase the
risk of cardiac episode. A majority of research at this time
has examined young, healthy individuals. More research is
necessary to understand both the risks and benefits associ-
ated with BFR exercise and training for individuals with
varying comorbidities.

Cardiorespiratory Endurance

Improvements to endurance capacity (i.e., increased oxida-
tive enzymes, capillary density, SV, glycogen stores, and
decreased HR) can be increased with the use of BFR
training.

Abe et al. (1) examined BFR during cycling exercise in an
8-week study; the BFR group trained 3 sessions per week at
40% of V_ O2max for 15 minutes with BFR (160–210 mm Hg;
cuff width not reported), whereas the control group trained
3 sessions per week at 40% of V_ O2max for 45 minutes with-
out BFR. The key finding was that the BFR group improved
V_ O2max and time to exhaustion, 6.4 and 15.4%, respectively.
Conversely, the control group exhibited a slight decrease in
V_ O2max (20.1%) and smaller increase in time to exhaustion
(3.9%). Posttraining measurements also indicated that the
BFR group increased thigh and quadriceps muscle CSA
and strength (3.4, 4.6, and 7.7%, respectively), whereas
the control group did not demonstrate similar adaptations
(0.1, 0.6, and 1.4%, respectively).

Similarly, Park et al. (72) found that in a group of Korean
collegiate basketball players walking (4–6 km$h21 at a 5%
grade each set; total of 5 sets for 3 minutes each; 1-minute
rest intervals between sets) with BFR (160–220 mm Hg;
110-mm cuff width) twice daily (6 sessions per week for 2
weeks) increased V_ O2max (maximal graded exercise test via
a cycle ergometer) and maximal minute ventilation, 11.6 and
10.6% respectively. Conversely, a work-matched control
group without BFR did not experience improvements in these
variables. These studies (1,72) suggest that the addition of
BFR to common exercise modes (cycling, walking) increases
cardiorespiratory endurance and with perhaps shorter dura-
tion per session vs. traditional longer duration prescriptive
approaches.

NEUROMUSCULAR RESPONSES AND ADAPTATIONS

Localized Muscular Endurance

Given that localized muscular endurance is defined as the
capacity to continue submaximal muscle actions over
extended durations, and is typically developed in relative
terms at lower training intensities (12), the application of
BFR training might be especially useful in this regard. The
hypoxic intramuscular condition promoted via BFR may
stimulate increases in capillarization with implications for
subsequent improvements in localized muscular endurance

performance. Larkin et al. (47) used the unilateral knee
extension with or without the addition of BFR to examine
the postexercise serum levels of vascular endothelial growth
factor (VEGF)—a key growth factor that upregulates angio-
genesis or capillary formation. In addition to protein expres-
sion of VEGF, mRNA transcripts indicative of angiogenesis
were also examined, including: VEGF and its primary recep-
tor (VEGF-R2), hypoxia-inducible factor 1 alpha (HIF-1a),
and isoforms of nitric oxide synthase (NOS).

Larkin et al. (47) tested subjects on 2 occasions (separated
by 3 weeks) in a randomized crossover design; each exercise
bout consisted of 10 sets of 12 repetitions of unilateral knee
extensions with the dominant limb, at 40% of 1RM, and with
1-minute rest intervals between sets. For the BFR condition,
an external cuff was placed around the proximal thigh and
inflated to 220 mm Hg (cuff width not specified). The key
finding was that the BFR condition elicited significantly
greater angiogenic responses vs. the non-BFR condition.
The BFR condition resulted in significantly greater levels
of deoxygenated hemoglobin in the vastus lateralis (assessed
via near infrared spectroscopy) during exercise—an indicator
of muscle hypoxia. Although the serum levels of VEGF were
not significantly different between groups, the mRNA tran-
scripts for VEGF, VEGF-R2, and neuronal nitric oxide syn-
thase were significantly greater for the BFR condition at 4
and 24 hours postexercise. Based on these results, future
investigations might investigate the link between acute
angiogenic stimulating factors and longitudinal improve-
ments in measures of localized muscular endurance.

Takarada et al. (90) found concomitant increases in muscle
CSA (12.3%) and knee extensor dynamic endurance after
BFR training (;200 mm Hg; 33-mm cuff width) vs. an iden-
tical work-matched protocol without BFR. Knee extensor
dynamic endurance was assessed .50 repeated concentric
contractions as the percentage decrease of mechanical work
and the average value of peak torque during the last 10
contractions vs. the initial 10 contractions. The training pro-
tocol involved 4 sets of bilateral knee extensions to failure at
50% of 1RM and was conducted twice weekly for 8 weeks.
The authors attributed the results to peripherally mediated
adaptations (i.e., increased oxidative energy metabolism and
acid-buffering capacity) rather than centrally mediated adap-
tations (i.e., neural drive).

Kacin and Strazer (38) used a protocol that involved 4 sets
of unilateral leg extensions (15% of MVC) to failure. Four
sessions were performed weekly for 4 weeks with BFR
applied to 1 leg at 230 mm Hg (I-Leg) and an identical
work-matched protocol to the contralateral leg (C-Leg).
During the postintervention, each leg (irrespective of train-
ing condition) was evaluated for localized muscular endur-
ance under occluded (230 mm Hg) and nonoccluded
conditions via dynamic knee extensions to failure at 15%
MVC. It was determined that occluded and unoccluded
localized muscular endurance increased but to a greater
extent for the I-Leg 63 and 27% vs. the C-Leg 36 and 11%,
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respectively. These studies (38,90) suggest that the addition
of BFR during resistance training can promote superior
increases in localized muscular endurance and might pro-
mote a crosseducation effect on contralateral muscle groups
not trained via BFR.

Muscle Fiber Recruitment

Activation of FT fibers is crucial in achieving a significant
hypertrophic response. Recruitment of muscle fibers typi-
cally follows the “size principle” in which larger motor units
containing FT fibers are progressively recruited for greater
muscular torque as the training load increases (34). Yet, Mor-
itani (68) demonstrated greater recruitment of FT fibers dur-
ing 4 minutes (2-second contractions with 2-second rest
intervals) of grip strength exercise at 20% MVC under con-
ditions of BFR (200 mm Hg: cuff width not reported) com-
pared with the same exercise protocol performed without
BFR on the contralateral limb. The authors observed
increases in motor unit firing rate and spike amplitude con-
sistent with greater recruitment of FT motor units. These
results may be attributed to muscular fatigue, which may
alter motor unit activation and the orderly recruitment of
muscle fibers as dictated by the size principle (80). Several
other studies measuring muscle activation via electromyog-
raphy (EMG) during unfatigued contractions demonstrated
significantly greater responses with the application of BFR
(91,100,101).

Conversely, Wernbom et al. (97) in examining 3 sets of
low-intensity (30% of 1RM) unilateral knee extensions with
BFR (100 mm Hg; 135-mm cuff width) and without BFR,
found similar EMG activity patterns, with the exception that
without BFR, set 3 demonstrated greater EMG activity dur-
ing the eccentric phase, when all sets were performed to
repetition failure. Similarly, Kacin and Strazer (38) evaluated
vastus medialis and rectus femoris EMG activity during
dynamic knee extensions performed to repetition failure
under 2 different conditions: (a) (Con) 15% of MVC without
BFR, (b) (Isch) 15% of MVC with BFR at 230 mm Hg. The
authors found similar increases in EMG amplitude during
both (Isch and Con) testing conditions. Furthermore, when
tested again after a 4-week training period (4 sets; 4 sessions
weekly; 15% MVC; unilateral knee extension), activation of
the rectus femoris was significantly (;45%) reduced with
a concomitant tendency for reduced vastus medialis activa-
tion, for the occluded vs. the nonoccluded condition. These
results might indicate greater sensory feedback or perception
of exertion (50) during BFR that inhibits motor drive and
subsequent levels of muscle activity.

Suga et al. (85) compared 3 sets of unilateral plantar flexor
contractions (20% of 1RM; 30 repetitions each set; 1-minute
rest intervals between sets) with BFR (1.33 resting systolic
pressure; 18.5-cm cuff width) vs. without BFR (65% of 1RM)
and observed a similar portion of subjects during each con-
dition displaying split inorganic phosphate (Pi) peaks (rep-
resenting FT fiber recruitment) via 31P-magnetic resonance

spectroscopy. Fujita et al. (26) found that resistance exercise
with BFR, compared with a “work-matched” protocol with-
out BFR, demonstrated increased S6 kinase1 (S6K1) phos-
phorylation, which primarily occurs in type 2 muscle fibers
(40), indirectly linking BFR to increased recruitment of FT
fibers. Moore et al. (67) demonstrated that partial vascular
occlusion resulted in neuromuscular modulation via
depressed resting twitch torque (21%) and enhanced post-
activation potentiation (51%) likely through increased cal-
cium responsiveness. Moreover, Moore et al. (67) found
that voluntary motor unit activation is not enhanced after
8 weeks of BFR training, as did Kubo et al. (45).

Considering the totality of current research, there is
emerging evidence that BFR can enhance recruitment of
higher threshold motor units. Given that fibers must be
recruited to stimulate adaptations, and given that FT fibers
have a substantially greater hypertrophic potential com-
pared with slow twitch fibers, this phenomenon would
seem to be associated with at least some of the increases in
muscle strength and hypertrophy associated with BFR
training. However, conflicting research on the topic sug-
gests that this is not the only mechanism responsible for
such adaptations, and that other factors likely also play
a role. Further study is needed to clarify the precise
relationship between BFR and muscle recruitment and to
elucidate its associated implications.

METABOLIC RESPONSES

Metabolic stress (i.e., as manifested in decreased adenosine
triphosphate [ATP], depletion of phosphocreatine [PCr],
increased Pi, increased adenosine diphosphate/ATP ratio,
increased adenosine monophosphate [AMP] production,
decreased intramuscular pH, and accumulation of lactate)
has been suggested to be a key stimulator of physiological
adaptations (31,43). Numerous studies have found that the
ischemic (88) and hypoxic (92) intramuscular environment
associated with BFR protocols induces a greater rate of ATP
hydrolysis, exaggerated PCr depletion (85) decreased pH
(84,85), and an increased lactate response (26,74,76,88,89).
Suga et al. (84) found greater metabolic stress (i.e., PCr, Pi,
and deprotonated phosphate) via 31P-magnetic resonance
spectroscopy, during low-intensity exercise (20% of 1RM)
with BFR (varying pressure; 18.5-cm cuff width) vs. low-
intensity (20% of 1RM) without BFR. However, the degree
of metabolic stress was significantly less vs. a higher intensity
protocol without BFR (65% of 1RM).

However, it is also important to note that Suga et al. (84)
used a single set of repetitions to exhaustion. In separate
research, Suga et al. (85) examined the acute effects of mul-
tiple sets on intramuscular metabolic stress during 2 separate
low-intensity plantar flexion exercise bouts (20% of 1RM; 3
sets of 30 repetitions; 1-minute rest intervals between) under
2 distinct BFR bouts (intermittent—pressure released during
rest intervals between sets; continuous—pressure maintained
throughout exercise and released after the final set); and
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a high-intensity bout (65% of 1RM; 3 sets of 30 repetitions;
1-minute rest intervals between sets) and a low-intensity
bout (20% of 1RM; 3 sets of 30 repetitions per set; 1-minute
rest intervals between sets), both without BFR. It was found
that the “intermittent” bout with BFR elicited a nonsignifi-
cant trend toward greater metabolic stress compared with
the low-intensity bout without BFR. Furthermore, only the
“continuous” bout with BFR elicited similar metabolic stress
to the high-intensity bout without BFR.

When the rate of ATP hydrolysis (as dictated by exercise
intensity) is greater than the rate of ATP production via
mitochondrial respiration, the accumulation of protons (H+)
increases intramuscular acidity; the lactate dehydrogenase
reaction serves as an avenue for proton consumption in the
conversion of pyruvate to lactate. Lactate is transported via
the bloodstream to the liver for conversion to glucose. There-
fore, the blood lactate concentration serves as a good indirect
measure of metabolic demand (78). High intramuscular pro-
ton concentrations can inhibit Ca2+ release from the sarco-
plasmic reticulum, disrupting excitation-contraction coupling
of myofilaments, thereby reducing tension development as
manifested in peripheral muscular fatigue (23).

The metabolic stress associated with long-term BFR
training led to a significant increase in glycogen stores (10).
Furthermore, Burgomaster et al. (10) also noted a decrease in
the resting ATP concentration after long-term BFR training.
The authors hypothesized that the metabolic adaptations
accompanying BFR training might be mediated through alter-
ations in glucose transport (GLUT-4 translocation) and glyco-
gen resynthesis (glycogen synthase activity). Research has
indicated that hypoxia increases GLUT-4 translocation to
the sarcolemma, stimulating muscle glucose uptake (14).
Furthermore, evidence suggests that hypoxia-mediated and
contraction-mediated glucose uptake can operate through
independent mechanisms (24). The increased duration of met-
abolic stress unique to BFR exercise likely facilitates many
other physiological responses and adaptations.

ENDOCRINE RESPONSES

Proton accumulation and the ensuing metabolic acidosis
(i.e., decreased pH) are associated with growth hormone
(GH) and gonadotropin release (29,42,59,89,99). Previous
research indicated that low-threshold afferents (type 1
and 2) stimulated release of bioassayable (biologically
active) forms of GH, whereas immunoassayable GH was
unaffected (30). However, Pierce et al. (74) found an
increase in immunoassayable GH after resistance exercise
with BFR that may rule out type 1 and 2 afferent nerve
contribution to the GH response after BFR training. It
was hypothesized that the increased GH response was
likely because of metabolite accumulation and the subse-
quent metaboreflex via muscle chemoreceptor stimulation
of type 3 and 4 afferents (42,74). Upon binding to the
membrane-bound receptor, GH initiates janus kinase 2
signaling, which activates phosphatidylinositol-3 kinase,

an upstream regulator of the protein kinase B (Akt)/
mammalian target of rapamycin (mTOR) pathway (75).

It is somewhat controversial whether the systemic GH
response to metabolic acidosis affects strength and hyper-
trophy adaptations. Systemic elevations in GH might not
reflect the degree of receptor interaction and subsequent
downstream signaling for muscle growth. However,
Kraemer et al. (43) demonstrated that a “hypertrophy” type
regimen, consisting of 3 sets of 8 exercises, performed with
a 10RM load, and 1-minute rest interval between sets pro-
duced greater acute increases in GH vs. a “strength” type
regimen, consisting of 5 sets of 5 exercises, performed with
a 5RM load, and a 3-minute rest interval between sets.
McCall et al. (65) used a similar “hypertrophy” type regimen
in a 12-week training study that demonstrated significant
correlations between acute GH increases and the relative
degree of type 1 (r = 0.74) and type 2 (r = 0.71) muscle fiber
hypertrophy in the biceps brachii. Furthermore, Goto et al.
(32) reported that a “hypertrophy” type regimen that elicited
greater acute GH release was associated with greater longi-
tudinal increases in quadriceps CSA vs. a “strength” type
regimen.

Studies that have compared resistance exercise protocols
with or without BFR have demonstrated a significantly
greater systemic GH release subsequent to the BFR protocol
(26,74,76,89). Hence, a key mechanism underlying the BFR
induced hypertrophy might be the increased duration of
metabolic acidosis that evokes systemic GH release. Takar-
ada et al. (89) reported a plasma GH increase of 290-fold
with similar responses in lactate and norepinephrine after 5
sets of bilateral leg extension with low intensity (;20% of
1RM to failure; 30-second rest intervals between sets) when
combined with BFR (;215 mm Hg; 33-mm cuff width) in
young male participants. This is approximately 1.73 larger
than what would be expected based on previous research on
traditional resistance exercise (43). Many other studies also
reported increases in GH (3,23,65,67,81) subsequent to BFR
exercise.

To test the metabolic accumulation hypothesis, Inagaki
et al. (36) examined electromyostimulation (EMS) induced
involuntary unilateral knee extensions (20 Hz; 400 microsec-
onds; 3- to 1-second ratio: 40-second duration for the first and
second sets, 60 seconds for the third set) with and without
BFR (150 mm Hg; 20.5-cm cuff width), and found that serum
22-kD immunoreactive GH increased only during the BFR
condition. Inagaki et al. (36) also found that the total produc-
tion of lactate was similar between conditions. However, dur-
ing the BFR condition, the time course of the lactate response
indicated that metabolites were retained and had accumulated
in the working muscle. This finding was similar to Reeves
et al. (76), who compared low-intensity (30% of 1RM) elbow
flexion and plantar flexion with BFR (cuff pressure set at 20
mm Hg below resting systolic pressure for upper body and 40
mm Hg above upper body occlusive pressure; cuff width not
reported) to moderate intensity without BFR (70% of 1RM)
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and found equivalent lactate responses, albeit a larger GH
response in the low intensity with BFR condition. This would
seem to indicate that lactate (and the associated metabolic
acidosis) is not the only modulator of the GH response to
BFR exercise.

Catecholamines (e.g., epinephrine, norepinephrine) act as
powerful modulators of numerous physiological responses
for sustaining exercise (64). Research has demonstrated an
increase in the norepinephrine concentration after BFR
exercise (60,89), yet during EMS stimulated involuntary con-
traction with BFR, the increase was substantially less, possi-
bly indicating that norepinephrine secretion depends on
centrally mediated voluntary exertion (36).

Loenneke et al. (57) discussed the hypertrophic role of
catecholamines through b2 adrenoceptor signaling—the most
prominent adrenoceptor found in skeletal muscle tissue. The
binding of catecholamines to b2 adrenoceptors initiates the
G-protein-linked activation of the cyclic AMP secondary mes-
senger, and then activation of protein kinase A dependent (e.g.,
inhibition of calcium-dependent proteolysis) and independent
mechanisms (activation of the phosphatidylinositol-3-kinase
pathway). The norepinephrine and muscle cell swelling re-
sponses to BFR might attenuate muscle atrophy in the absence
of exercise. When BFR is combined with exercise, the norepi-
nephrine response is amplified, but other mechanisms (muscle
activity, hormones, metabolites) might play a more prominent
role for strength and hypertrophic adaptations.

Circulating GH is known to stimulate synthesis and
secretion of insulin-like growth factor 1 (IGF-1). Abe et al.
(5) reported an increased IGF-1 response to low-intensity
(20% of 1RM) resistance training with BFR (240 mm Hg;
cuff width not reported). The control group in this study
performed a protocol with the same intensity and volume
but did not demonstrate a similar response. This increased
IGF-1 response to BFR resistance exercise was also
observed by Takano et al. (88); moreover, BFR in conjunc-
tion with walking did not increase IGF-1 (3).

A recent review by Loenneke et al. (56) indicated minimal
acute and chronic testosterone changes subsequent to BFR
plus exercise. Studies that examined the total testosterone
(3,26,76) and free testosterone responses (3,76) to BFR have
indicated no significant increases. However, the lack of tes-
tosterone response may have been attributable to the low
exertion type of exercise mode (Abe et al. [3]—walking
50 m$min21); insufficient exercise volume (Reeves et al.
[76]: 3 sets elbow flexion and plantar flexion at 30% of
1RM; Fujita et al. [26]: 4 sets leg extensions at 20% of
1RM); or limited total muscle mass involvement during an
exercise session (biceps brachii, gastrocnemius, quadriceps).

The stress associated with resistance exercise is known to
increase cortisol concentrations. Fujita et al. (26) compared 4
sets (30, 15, 15, 15 repetitions) of bilateral knee extensions at
low intensity (20% of 1RM) with and without BFR (200 mm
Hg; cuff width not reported). The authors found an elevated
cortisol concentration after the BFR protocol compared

with a work-matched control session at 10, 20, 30, 40, 50,
and 60 minutes postexercise. The greater cortisol concentra-
tion after the BFR session in this study (26) was likely indic-
ative of a greater stress response; this is evident by the fact
that cortisol levels had returned to baseline at approximately
1 hour postexercise.

Overall, BFR exercise has demonstrated similar acute
systemic hormonal responses as traditional resistance exer-
cise without BFR. Some of the hormonal responses were
larger (1,76,88,89), or at least comparable (3,26,76) with tra-
ditional high-intensity resistance exercise with considerably
less mechanical stress.

MUSCLE DAMAGE RESPONSE

Traditional non-BFR higher intensity resistance exercise is
associated with acutely elevated myoglobin, LP, creatine
kinase (CK), and cytokines (mainly interleukin-6 [IL-6],
transforming growth factor-b [TGF-b], and tumor necrosis
factor-a [TNF-a]). Research on muscle damage after BFR in
conjunction with resistance exercise is not yet conclusive.
Takarada et al. (89) examined the effect of BFR exercise at
20% of 1RM on concentrations of IL-6, CK, and LP. The
authors reported a gradual increase in IL-6 concentration to
approximately 1 pg$ml21 within 90 minutes postexercise
with no significant changes in the concentrations of CK
and LP.

Fujita et al. (26) examined low-intensity (4 sets; 30 repe-
titions first set, followed by 3 sets of 15 repetitions at 20% of
1RM; 30-second rest intervals between sets) bilateral knee
extension with and without BFR (200 mm Hg; cuff width
not reported) on acute markers of muscle damage (e.g., IL-6,
CK, and myoglobin) before, immediately after, 24 hours
after, and 48 hours postexercise. Results indicated no signif-
icant changes in IL-6, CK, and myoglobin for either condi-
tion. Furthermore, Abe et al. (3) found no significant changes
in the resting plasma activity of CK and myoglobin from
baseline to post, after a 3-week (twice daily; 6 d$wk21) con-
tinuous BFR (200 mm Hg; 50-mm cuff width) walk training
intervention; each session involved 5 bouts; 2-minute dura-
tion per bout; walking speed on a treadmill of 50 m$min21;
and 1-minute rest intervals between bouts.

Conversely, Wernbom et al. (98) examined max force pro-
duction after 5 sets of knee extensions to repetition failure
(30% of 1RM) with BFR (90–100 mm Hg; 135-mm cuff
width) and found significant decrements in MVC (via neu-
romuscular electrical stimulation) that remained depressed
for the succeeding 48 hours. However, these results were
obtained during BFR. After the cuff pressure was released,
there was no significant difference between groups. Similar
results were reported by Umbel et al. (95) in comparing 3
sets of the unilateral knee extension with and without BFR
(cuff pressure set to 30% above resting systolic pressure;
6-cm cuff width) and found significantly depressed MVC
at 24 hours postexercise for the BFR condition. Wernbom
et al. (98) compared 5 sets with repetition failure of the
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unilateral knee extension with BFR vs. a work-matched con-
tralateral protocol, and determined that the BFR condition
resulted in greater plasma protein tetranectin levels (a marker
for sarcolemmal permeability) after 24 hours, suggesting indi-
rectly that greater muscle damage was evident for the BFR
condition vs. the non-BFR condition. It should be noted that
the work-matched free flow condition also displayed an ele-
vated tetranectin percentage. More research is needed to
determine the efficacy of tetranectin staining in quantification
of muscle damage.

Little is known about the anti/inflammatory response and
other markers of muscle damage for BFR resistance exercise
at intensities .20–30% of 1RM. Traditional non-BFR higher
intensity exercise is associated with muscle damage and
inflammation. The muscle damage and inflammatory pro-
cess caused at higher intensities can attenuate recovery from
exercise. Because of the evidence of less muscle damage
associated with BFR at low intensities, researchers have
experimented with an increased frequency of BFR resis-
tance exercise to as much as twice daily for 6 d$wk21

(1,20), yielding a significant hypertrophic response. How-
ever, numerous studies report BFR exercise results in
delayed-onset muscular soreness (DOMS [95,96]); it
should be noted however, that Umbel et al. (95) has sub-
jects retrospectively rate DOMS, which is not the typical
method of measurement. Moreover, DOMS is not neces-
sarily well correlated to various markers of muscle damage
including maximal isometric strength, range of motion,
upper arm circumference, and plasma CK levels (71), mak-
ing it a poor gauge of both the presence and magnitude of
tissue trauma. Further research is needed on this issue par-
ticularly with regard to the training status of participants
undergoing BFR exercise. For clinical populations, more
frequent use of BFR training might be possible because of
potentially lower exertion levels.

CELLULAR AND MOLECULAR SIGNALING

Fundamental to skeletal muscle hypertrophy is the stim-
ulation of muscle protein synthesis, crucial to which is the
protein kinase B/mammalian target of rapamycin (Akt/
mTOR) signaling pathway via phosphorylative action on
the 70-kDa ribosomal protein S6K/ribosomal proteins
(rps) and eukaryotic initiation factor 4E binding protein
(4E-BP)/translation initiation factors (9). Hypoxia is known to
cause reversible hypophosphorylation of mTOR and down-
stream effectors 4E-BP1, p70 S6K, rpS6, and eukaryotic initi-
ation factor 4 G, inhibiting cellular translation (8). The
principal finding of Fujita et al. (26) was that BFR resistance
exercise resulted in increased ribosomal S6K1 phosphoryla-
tion concurrent with decreased phosphorylation of eukaryotic
translation elongation factor 2 resulting in a 46% increase in
muscle protein synthesis compared with a control session. Fry
et al. (25) found an increase in mTOR complex 1 and S6K1
phosphorylation, and ribosomal protein S6 resulting in a 56%
increase in muscle protein synthesis vs. a control session when

researching the effects of BRF training in older men approx-
imately 70 years old.

Drummond et al. (19) examined a variety of mRNA
expression factors associated with tissue growth and remod-
eling during low-intensity resistance exercise with or without
BFR. The authors examined specific factors hypothesized to
potentially modulate the acute response to resistance exer-
cise, both anabolic and catabolic in nature. The training pro-
tocol involved 4 sets of the leg extension (e.g., repetition
numbers per set were 30, 15, 15, 15, respectively) at an
intensity of 20% of 1RM, with 30-second rest intervals
between sets and the application of approximately 200-mm
Hg external pressure (cuff width not reported). Three weeks
later, a second, work-matched session was performed with-
out application of external pressure.

Drummond et al. (19) found significant upregulation in the
expression of numerous mRNA transcription factors (cyclin
D1, IGF-1R, MGF, myogenin, mTOR, S6K1, and MAFbx)
from baseline to 3 hours post in both conditions. Other
variables demonstrated significant increases (HIF-1a, p21,
MyoD, and MuRF) or decreases (REDD-1 and myostatin).
However, there was no significant difference in the expression
of mRNA for any variable at any point between the 2 con-
ditions (i.e., BFR vs. non-BFR). Interestingly, HIF-1a mRNA
expression did not correlate with a corresponding increase in
REDD-1mRNA expression. Therefore, HIF-1a expression
does not appear to be synonymous with REDD-1 activity.
Other research has found that HIF-1a expression is important
to oxygen homeostasis, cell survival and is known to increase
under hypoxic conditions, modulating activity of VEGF, glu-
cose transporters, glycolytic enzymes, inducible NOS, and
IGF2 (82). Although Drummond et al. (19) elucidated
a potential contribution of both HIF-1a and REDD-1 to skel-
etal muscular hypertrophy during low-intensity resistance
exercise; the altered hypertrophic response associated with
BFR remains unresolved.

Laurentino et al. (49) found similar and significant decreases
in the expression of myostatin (with concomitant hypertro-
phy) after 8 weeks of knee extension training in a low intensity
with BFR (;95-mm Hg cuff pressure; 175-mm cuff width)
training group and a high intensity without BFR training
group; the decreases in myostatin were 45 and 41%, respec-
tively. However, an acute study conducted by Drummond
et al. (19) indicated no differences in myostatin gene expres-
sion between a BFR protocol at 20% of 1RM and a similar
intensity protocol without BFR 3 hours postexercise. These
results were consistent with acute results reported by Manini
et al. (63) for myostatin expression in comparing similar pro-
tocols as Drummond et al. (19). However, Manini et al. (63)
reported other significant acute responses such as decreases in
various proteolytic transcription factors (FOXO3A, Atrogin-1,
and MuRF-1) 8 hours postexercise in favor of the BFR plus
resistance exercise group. In comparing the acute vs. longitu-
dinal findings, the timing of measurements seems to be a key
issue; as in the longitudinal study (49), changes in hypertrophy
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stimulating variables (e.g., reduction in myostatin expression)
may take several weeks to be fully evident.

Heat shock proteins (HSPs) are thought to play a role
in modulating the effects of oxidative and heat stress
maintaining cellular homeostasis and aiding in protein
assembly and membrane translocation. Numerous HSPs
have been identified, each of which are named according
to their molecular mass in kilodaltons (i.e., HSP27, HSP60,
HSP70, and HSP72), and their transcription can be induced
by a variety of factors including ROS, hypoxia, acidosis, and
ischemia/reperfusion (44). Given that increases in HSP-72
correlated with a significant increase in muscle hypertrophy,
Ishii et al. (37) hypothesized a possible casual role in post-
exercise muscular development via BFR training. Con-
versely, Fry et al. (25) found no differences in total protein
content of HSP70 after BFR exercise at 20% 1RM in elderly
men. This suggests the possibility that different HSPs may
have varying effects with respect to muscular adaptations.

SAFETY ISSUES

Apart from the potential benefits of BFR training, one must
always consider potential negative outcomes (62). It is well
known that prolonged ischemia can cause necrosis of muscle
tissue. Furthermore, a major concern with BFR training is
the potential for thrombus formation (62) because of the
pooling of blood in the extremities. However, Madarame
et al. (60) found that 4 sets of leg press with continuous
BFR (150–160 mm Hg; cuff width not reported) at 30% of
1RM with 30-second rest intervals between sets did not
increase prothrombin fragments 1 + 2 or thrombin-anti-
thrombin III complex (markers of thrombin generation),
nor did BFR exercise increase D-dimer or fibrin degradation
products (markers of intravascular clot formation).

Nakajima et al. (69) surveyed .100 facilities that use BFR
exercise to determine the incidence of adverse events in the
field. The authors reported that nearly 13,000 individuals
(age range; #20 to $80), with a variety of different physical
conditions used BFR exercise. The incidence of side effects
was as follows: cerebral anemia (0.277%), venous thrombus
(0.055%), pulmonary embolism (0.008%), rhabdomyolysis
(0.008), and deterioration of ischemic heart disease
(0.016%). However, BFR exercise resulted in the following
incidence of temporary side effects, including; subcutaneous
hemorrhage (13.1%), numbness (1.297%), and cold feeling
(0.127%); likely because of compression to musculature
and peripheral nerves. Research examining the safety of
BFR exercise and training has thus far concluded that
BFR exercise is a safe and novel method for training athletes,
healthy persons (15), and potentially those individuals with
varying comorbidities (69).

PRACTICAL APPLICATIONS

The American College of Sports Medicine recommended
approximately 60–100% of 1RM as the resistive load neces-
sary to induced adaptational characteristics such as muscular

strength, hypertrophy, and to some extent, absolute muscu-
lar endurance (7). However, resistance training in combina-
tion with BFR may induce similar expression of adaptational
characteristics as high-intensity resistance training, but at
considerably lower intensities (20–50% of 1RM). The appli-
cation of BFR exercise may be best suited for populations
that cannot tolerate the large mechanical loads imposed
during high-intensity resistance training. Unfortunately, cur-
rent research has yet to fully determine the efficacy of BFR
in conjunction with resistance exercise in individuals with
varying morbidities. Therefore, prescriptive exercise varia-
bles for clinical populations are not yet definable, but in
healthy populations, BFR exercise may provide an alterna-
tive means of obtaining a hypertrophic effect in a relatively
short time period.

Application of external pressure to the proximal portion of
the lower extremity (i.e., inguinal crease) or upper extremity
(i.e., distal portion of deltoid) can be obtained via pressurized
cuff or elastic knee wraps (53). It should be emphasized that
the strength and hypertrophic adaptations may take place at
muscles that are proximal or distal to the occlusion site (4).
For example, bench press training with the application of
BFR has elicited hypertrophy in both the pectoralis major
(proximal to the occlusion site) and the triceps brachii (distal
to the occlusion site) (102).

The external pressure applied should be sufficient to
maintain arterial inflow while occluding venous outflow of
blood distal to the occlusion site; with the external pressure
applied, the pulse should still be palpable distal to the
occlusion site. If a pressurized cuff is being used to control
external pressure, consideration should also be given to the
width of the cuff as it has been demonstrated that as cuff
width increases, the pressure requirements to achieve a given
percentage of restricted blood flow decreases (17,52). Fur-
thermore, Loenneke et al. (52) has emphasized that thigh
circumference is a key variable in choosing appropriate
lower-body cuff pressures. When using pressurized cuffs,
the cuffs should be positioned with a slightly loose fit before
inflation to prevent the material (containing the pneumatic
bag) from becoming occlusive itself.

The BFR resistance exercise might be performed 2–3 times
weekly for the same muscles or muscle groups. However,
higher frequencies (up to twice daily) might be instituted
depending on individual training status and goals; volume or
duration of BFR exercise; and exercise modality (5,72). For
example, slow walking in conjunction with BFR might be
performed twice daily (72), whereas exhaustive bilateral knee
extensions might be performed 2 or 3 times weekly (55).

One approach for resistance exercise is to group BFR sets
into “blocks” in which pressure is constant throughout the
duration of each block to closely monitor “time under occlu-
sion” with release of pressure between blocks to allow for
reperfusion. One block may involve 2–4, low-intensity (30–
50% of 1RM) sets performed until repetition failure with
short rest intervals between sets (30–60 seconds) and with
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a traditional resistance exercise cadence (1- to 2-second con-
centric phase; 1- to 2-second eccentric phase). The total
“time under occlusion” for one block (2–4 sets continuous
occlusion) might be approximately 5 minutes. One to 3
blocks might be performed per exercise, with 5 minutes
between blocks without the application of BFR to allow
for reperfusion and recovery (unpublished observations).

Continuous BFR between resistance exercise sets attenu-
ates the natural recovery process that normally takes place
during the interset rest interval, thus accentuating metabolite
accumulation. Therefore, repetitions are typically main-
tained over consecutive sets by decreasing the load intensity
between consecutive sets within a block. Furthermore,
alternating agonist and antagonist movements with contin-
uous BFR can be used as well to increase the total volume
efficiently by alternating opposing muscle groups.
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