Review Paper

Determining the optimal blood flow restriction protocol
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ABSTRACT
Low load resistance training accompanied by blood flow restriction (BFR) has been established as a training
modality to induce hypertrophy and strength adaptations. Throughout the BFR-literature, several protocols
have emerged with a vast difference among manipulations regarding limb occlusion pressure and the use of
different cuff sizes. The aim of this review is to summarise the research underpinning the stimulus regarding
alterations in occlusion pressure and the use of different cuff widths, thus investigate whether an optimal
protocol is evident. While the focal point of BFR-literature supports the efficiency of several BFR-protocols,
no uniform BFR-protocol are located in the literature to maximise muscle hypertrophy and strength. However,
an optimal limb occlusion pressure is crucial to achieve venous blood pooling, thus induce a significant
stimulus to the muscle, and should be individualised and likely applied relative to the maximum arterial
occlusion pressure. Quantification of the optimal pressure range is currently a disputed topic, with no
conclusive evidence leading to the most efficient range of applied pressure. Regarding cuff widths, applying
an absolute or relative pressure, and their implications regarding the hemodynamics of blood flow should be
considered by the researchers. The author would highlight that future BFR studies should be conducted to
shed light on the determinants underpinning the protocol to optimise muscle hypertrophy and strength
through BFR resistance training, which could have an important ramification through its increasing use in
clinical settings and athletic development.
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INTRODUCTION
Blood flow restriction (BFR) resistance training has been established as a training modality to induce
significant skeletal muscle hypertrophy and augment force production capacity (Slysz, Stultz, & Burr, 2016).
It was originally thought that a high load of mechanical resistance (> 70% of 1RM) was needed to induce
these adaptations in the muscle. However, emerging evidence support the notion that a lower mechanical
resistance (10-40% of 1RM) accompanied by blood flow restriction has the potential to promote similar
hypertrophic adaptations (Kim et al., 2017; Laurentino et al., 2012; Lixandrao et al., 2018; Vechin et al., 2015).
From a sports performance aspect, combining blood flow restriction with different training modalities has been
demonstrated to increase running economy and time to exhaustion with running exercise (Paton, Addis, &
Taylor, 2017); increase 100 m running-speed in combination with sprinting (Behringer, Behlau, Montag,
McCourt, & Mester, 2017); enhance aerobic capacity (Abe et al., 2010), and maximal power output and
delayed onset of blood lactate accumulation with cycling intervals (de Oliveira, Caputo, Corvino, & Denadai,
2016).
In addition to the sports performance aspects related to BFR-training, health parameters and rehabilitation
training after injury should be considered. Since the quality and the quantity of the skeletal muscle mass is
important to maintain healthy function and to carry out daily activities, the elderly population should participate
in regular resistance training to countermeasure some of the atrophy and loss of strength accompanied by
aging (Goodpaster et al., 2006). However, some of the elderly populations are frail and unable to perform
traditional heavy resistance training using mechanical loads above 70% of maximum force capacity. Thus,
blood flow restriction resistance training seems to be an effective training method to induce similar strength
and hypertrophy adaptations to the elderly population while inducing a hypotensive effect to the same
magnitude compared to traditional heavy resistance training (Cook, LaRoche, Villa, Barile, & Manini, 2017;
Vechin et al., 2015). Considering the aspect of rehabilitation after different injuries, high mechanical loads are
often bypassed, thus the resistance training for muscle hypertrophy and strength are compromised. However,
blood flow restriction exercise has been demonstrated to be an efficient method for achilles tendon rupture
rehabilitation (Yow, Tennent, Dowd, Loenneke, & Owens, 2018) and to increase peak torque, power output
and restore strength after extremity injury (Hylden, Burns, Stinner, & Owens, 2015).
To conduct this review, a methodical search strategy was employed to pinpoint and establish relevant
scientific citations from the earliest record up to June 2019. Key terms used in the searching process includes:
“occlusion training”, “blood flow restriction training”, “blood flow restriction protocols”, “practical blood flow
restriction training” and “Kaatsu training”. The search was limited to English language citations and papers
were only considered if the study was conducted on human test subjects. Admissible articles were retrieved
from the National Library of Medicine database (PubMed), Google Scholar, Web of Science and through
evaluating the reference lists from significant scientific contributions to the field of BFR-training.
In the subsequent sections, the author will first briefly review some of the BFR-protocols used in the literature,
then further discuss thoroughly two important aspects related to the BFR-protocol: Applied occlusion
pressure and cuff width. The implications of different manipulations in relation to these two factors will be
evaluated in an effort to investigate the variables that could optimise the training stimulus to enhance muscle
hypertrophy and strength. Thus, the primary aim of this paper is to investigate whether an optimal BFRprotocol to increase muscle mass and strength is evident, while the secondary aim is to review the BFRliterature regarding manipulations in occlusion pressure and cuff width.
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BFR-PROTOCOL: OVERVIEW
An abundant amount of manipulations and alterations can be rendered to create a BFR-resistance training
protocol to induce hypertrophy and strength. The main determinants that underpin these adaptations in
regard to the BFR-protocol is: Training load, exercise volume, applied limb pressure, continuously/intermittent
occlusion, cuff size, inter-set recovery and whether taking the set to failure or the use a predefined submaximal amount of repetitions. Among the BFR-literature, mounting evidence support the effectiveness of
several protocols to induce muscular adaptations (Table 1). For instance, Martin-Hernandez and colleagues
(2013) used 30-15-15-15 rep with 20% of 1RM using continuously blood flow restriction with an absolute
pressure at 110 mmHg with a 140 mm cuff, while Clark and colleagues (2011) used 3 sets to concentric
failure with 30% of 1RM using continuously blood flow restriction inflated to 130% above the resting brachial
systolic blood pressure with a 60 mm cuff. These studies demonstrate different alterations regarding
important factors underpinning the stimulus to the muscle, hence the muscular adaptations of several training
sessions performed consequently. Besides the two diverse BFR-protocols in the studies above, similar
strength adaptations were attained in response to 10-12 sessions (6-8% increase in muscle strength).
Table 1. A summary of BFR-resistance training studies showing the discrepancies in several important
determinants underpinning the applied stimulus of a BFR-training session. Note the large variations among
cuff width and pressure.
Study
Cuff width (cm) Pressure Training load (%1RM) Volume (set x rep)
Barnett et al., 2016
unknown
40% AOP
30
30,15,15,15
Clark et al., 2011
6
130% resting SBP
30
3 x failure
Cook et al., 2017
6
150% resting SBP
30
3 x failure
Dankel et al., 2017
3
160 mmHg
unknown
4 x failure
Dankel et al., 2017
5
40% AOP
unknown
4 x failure
Drummond et al., 2008
unknown
200 mmHg
20
30,15,15,15
Ferguson et al., 2018
13
110 mmHg
20
30,15,15, failure
Freitas et al., 2017
5
160 mmHg
20
30,15,15,15
Fry et al., 2010
unknown
200 mmHg
20
30,15,15,15
Iversen et al., 2010
14
100 mmHg
unknown
30,15,15,15,15
Jessee et al., 2018
5
40% AOP
30 and 50
4 x failure
Laurentino et al., 2012
17.5
80% AOP
20
3 x 15
Laurentino et al., 2016
5 and 10
80% AOP
20
3 x 15
Lixandrao et al., 2015
unknown
40% and 80%
20 and 40
2-3 x 15
Loenneke et al., 2015
5
40%, 50% and 60%
20 and 30
30,15,15,15
Madarame et al., 2008
4
160 mmHg
30
30,15,15
Manini et al., 2012
11
150% resting SBP
20
4 x failure
Martin-Hernandez et al., 2013 14
110 mmHg
20
30,15,15,15
Neto et al., 2015
6 and 10
80% AOP
20
30,15,15,15
Nielsen et al., 2017
13.5
100 mmHg
20
4 x failure
Sousa et al., 2017
18
80% AOP
30
4 x failure
Souza et al., 2018
18
50% AOP
20
30,15,15,15
Suga et al., 2009
18.5
130% resting SBP
20
2 x 30
Vechin et al., 2015
18
50% AOP
20
30,15,15,15
Wernbom et al., 2013
13.5
90-100 mmHg
30
5 x failure
Yow et al., 2018
14
80% AOP
30
30,15,15,15
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Table 1 summarises several different protocols among the BFR-resistance exercise studies. Note the large
variation in pressure and cuff width along with the different exercise intensity and volume utilised by different
researchers. With the large discrepancy of the BFR-protocols among the literature, direct comparisons
between studies are hampered. However, some BFR-protocols appears more often (30,15,15,15 & 3 x
failure), despite the use of different cuff widths and different methods to apply occlusion pressure among
these protocols. Hence, to the author's knowledge, no common unity regarding the optimal BFR-protocol
appear evident in the current revised BFR-literature with respect to increases in strength and hypertrophy.
BFR-PROTOCOL: PRESSURE
A distinctive feature of blood flow restriction is determining the degree of pressure applied to the extremity.
Pressure could be measured with a sphygmomanometer consisting of an inflatable cuff and a measuring
unit, e.g., a mercury manometer. An absolute pressure in X mmHg could then be applied to the limb, used in
several investigations seen from Table 1. The range of absolute pressure among these investigations vary
greatly, 40-200 mmHg, in other terms, the largest value of pressure applied is fivefold the lowest pressure.
This can have direct implications of the magnitude and the variations of the stimulus induced by the resistance
training of different subjects and increase the risk for some subjects to be placed under complete arterial
occlusion (Dankel, Buckner, et al., 2017). It is speculated that the quantity of pressure follows a dose
responsive manner as the hormesis curve (Loenneke, Thiebaud, Abe, & Bemben, 2014). If so, an optimal
pressure gradient will inhibit venous blood flow while reducing the arterial inflow of blood, thus a blood pooling
will be evident in the muscle tissue (Lida et al., 2007).
Another way to assess limb pressure while minimising the potential errors associated with an absolute value
of X mmHg, is to apply the pressure relative to the arterial occlusion pressure (AOP). AOP is often defined
as the least amount of pressure required for a complete reduction in arterial blood flow, which could be
measured with the use of ultrasound. Several blood flow restriction investigations have used this method to
assess relative pressure for their test-subjects (Table 1). The range of relative pressure across these
investigations cover 40-90% of AOP.
A study conducted by Lixandrão and colleagues (2015) was carried out to explore muscle hypertrophy and
strength comparing 40 and 80% of AOP in response to 12 weeks of resistance training with blood flow
restriction using two different training intensities of 20 and 40% of 1RM. Regarding muscle mass, increasing
pressure from 40 to 80% when training with 20% of 1RM, resulted in a larger muscle mass by 2.44%.
However, when exercising at 40% of 1RM, a larger pressure did not result in any meaningful improvements
in either strength or hypertrophy (Lixandrao et al., 2015). These results are reproduced by Dankel and
colleagues (2017) showing that occlusion protocols utilising a low training load (10-20% of 1RM), benefits
from increased blood flow restriction pressures. Thus, an increase in AOP could elicit in a meaningful
muscular adaptation when the BFR-protocol utilise a training load at the lower range.
A recent study by Mouser and colleagues (2017) studied the hemodynamics of blood flow at different
pressures (rest-100% of AOP). One interesting finding was that the blood flow was relatively unchanged
between 50 and 90% of the arterial occlusion pressure, thus the blood flow reduced in a non-linear fashion
with the increasing pressure. It is also documented that a larger percentage of AOP is accompanied by
increased perceptual responses such as discomfort and increased rating of perceived exertion leading to a
decrease in exercise volume compared to lower restriction pressures (Mattocks et al., 2017). Another group
of researchers studied the muscle adaptations in response to 8 weeks of BFR-training with the use of 40%
of AOP and 90% of AOP applied to the same cuff (unknown width) (Counts et al., 2016). Both training
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protocols induced muscle hypertrophy, enhanced peak isotonic strength and muscular endurance with no
significant differences between the two protocols. A secondary recent study indicate that arterial occlusion
pressure as low as 50% can induce similar hypertrophy and strength increases compared to traditional heavy
resistance training (Kim et al., 2017).
Despite the literature of pressure regarding blood flow restriction training, an optimal pressure is yet to be
confirmed, and the existing methods are likely to be imperfect. However, based on the studies above, it could
be more conservative to select a lower relative pressure to; (a) reduce the probability of prolonged exposure
to ischemia (associated with skeletal muscle damage); (b) more likely able to achieve a sufficient training
volume; (c) reduce unnecessary discomfort for the subjects, and (d) reduce dropout rate of participants. In
addition, BFR-pressure should be considered in relation to the width of the cuff.
BFR-PROTOCOL: CUFF WIDTH
Reviewing the literature reveals that a broad range of different cuff widths (30-185 mm) are commonly applied
among the blood flow restriction investigations (Table 1). An important aspect regarding cuff width is the
amount of applied pressure required to achieve a venous blood pooling without a complete arterial occlusion,
which is suggested as an important stimulus to induce muscle hypertrophy associated with muscle swelling
(Loenneke, Fahs, Thiebaud, et al., 2012). Jessee and colleagues (2016) studied 249 subjects in relation to
three commonly used cuff widths (50, 100 and 120 mm) in response to the pressure required for complete
AOP. An interesting finding was that the narrow cuff (50 mm) required the greatest pressure to occlude blood
flow followed by the larger cuff (100 mm) while the largest cuff (120 mm) required the least pressure.
Quantification data from another investigation supports that narrow cuffs (50 mm) compared to larger cuffs
(135 mm), requires greater (61%) absolute pressure to induce complete arterial occlusion (235 mmHg vs.
144 mmHg, respectively)(Loenneke, Fahs, Rossow, et al., 2012). This relationship is evident in several
investigations (Crenshaw, Hargens, Gershuni, & Rydevik, 1988; Graham, Breault, McEwen, & McGraw,
1993; Loenneke, Fahs, Rossow, et al., 2012). It is therefore proposed that the absolute pressure should be
applied in relation to the width of the cuff. However, a recent study conducted by Mouser and colleagues
(2018), examined the acute hemodynamic responses to the commonly applied 100 mm- and the 120 mm
cuff. A noteworthy result from this investigation, revealed that when a relative equal pressure was applied to
the cuffs, there were no significant differences among blood flow, mean blood velocity, peak blood velocity
and artery diameter. This indicates that the 100 mm and the 120 mm cuff apply an equivalent blood flow
stimulus when using equal relative AOP. Supporting this assertion is results from another study comparing
50, 100 and 120 mm cuffs applying 40 to 90% of AOP, showing that relative pressures appear to elicit similar
blood flow responses, despite different cuff widths (Mouser et al., 2017).
The studies above are more concerned with pressure regulations and the acute responses to hemodynamic
variables associated with the applied stimulus of a BFR-protocol. A further relevant aspect regards the
physiological adaptations when frequent training sessions are performed with BFR-training with a narrow
compared to a wider cuff. It is speculated that a narrower cuff should theoretically compress less muscle
tissue, thus it is plausible to theorise that a narrower cuff is more efficient in increasing muscle growth. This
question was addressed by Laurentino and colleagues (2016), studying the cross sectional area (CSA) and
maximum strength of the elbow flexors in response to 6 weeks of either BFR-training with narrow cuffs (50
mm) or BFR-training with wider cuffs (100 mm). To equalise the BFR-training stimulus of both groups, a
relative pressure at 80% of AOP was applied with an equivalent training volume. Both BFR-protocols resulted
in increased CSA (≈10%) and strength (≈12%). Despite the differences of cuff widths, no significant changes
were identified regarding changes in elbow flexors CSA (p = .97) and muscle strength measured in 1RM (p
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= .96) between the narrow and wide cuff protocol. In defiance of the accumulated evidence supporting the
efficiency of BFR-resistance training, little is currently known about the long term BFR-training adaptations
to different cuff widths. It is therefore too ambiguous for the author to give a direct answer in this short review
on the paramount question: Does cuff width influence the muscular adaptations accompanied by BFRresistance training? However, it should be advised to view the cuff width in relation to the quantity of the
applied pressure.
CONCLUSIONS
A multitude of BFR-protocols are located in the literature with several determinants underpinning the stress
responses applied to the muscle. The occlusion pressure, either given in absolute or relative values, will
influence both the acute hemodynamic responses in blood flow and the muscular adaptations in response to
several training sessions. No uniform pressure recommendation are identified; however, a relative pressure
application offer a more controlled stimulus. Additionally, the present review highlighted the interaction of
different cuff widths among BFR-protocols, revealing that a given absolute pressure could elicit different
arterial occlusion responses. However, the evidence of cuff width on hypertrophy and strength adaptations
are sparse, which makes it an important line of research worthy of future investigation. Although the alleged
efficiency of several BFR-protocols, the current consensus allows the speculation and hypothesis acquisition
that the optimal blood flow restriction protocol for maximising muscle hypertrophy and strength adaptations
are yet to be elucidated. Further investigations should be conducted in an attempt to optimise the occlusion
training protocol as an efficient training modality to augment force production capacity and induce muscle
hypertrophy, that could be used by competitive athletes, the elderly population, and in rehabilitation clinics.
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