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Abstract
Blood flow restriction by itself or in combination with exercise has been
shown to produce beneficial adaptations to skeletal muscle. These adap-
tations have been observed across a range of populations, and this tech-
nique has become an attractive possibility for use in rehabilitation. Although
there are concerns that applying blood flow restriction during exercise
makes exercise inherently more dangerous, these concerns appear largely
unfounded. Nevertheless, we have advocated that practitioners could
minimizemany of the risks associatedwith blood flow-restricted exercise by
accounting for methodological factors, such as cuff width, cuff type, and
the individual to which blood flow restriction is being applied. The purpose
of this article is to provide an overview of these methodological factors and
provide evidence-based recommendations for how to apply blood flow re-
striction. We also provide some discussion on how blood flow restriction
may serve as an effective treatment in a clinical setting.

Introduction

Blood flow restriction in combination with low load re-
sistance training (20% to 30% one-repetition maximum
[1RM]) has been demonstrated to increase muscle size and
strength similar to that observed with traditional high load
resistance training (1,2). To induce blood flow restriction, a
pneumatic cuff is placed and inflated at the most proximal
portion of the upper and/or lower limb(s) which causes ar-
terial blood inflow to be reduced and largely occludes venous
return (3). This method has produced favorable muscular
adaptations when applied in the absence of muscle contraction
(4), throughout the rehabilitation period after surgery (5Y7),
with low-intensity aerobic exercise (~45% V̇O2max) (8) as
well as with low load resistance exercise (20% to 30% 1RM)
(1). This technique also has demonstrated its effectiveness across

a variety of populations, such as the in-
jured (4), healthy individuals (9), elderly
(10), athletes (11Y13), and has the po-
tential to be efficacious for astronauts
(14). Avariety of repetition schemes have
been employed in the blood flow re-
striction literature ranging from 45 to
75 repetitions (9,11,15); however, the
most commonly used protocol is one set
of 30 repetitions followed by three sets of
15 repetitions (75 repetitions) (16).

While blood flow restriction in com-
bination with low load (intensity) train-
ing has consistently been shown to be
effective for inducing skeletal muscle
growth and increasing muscular strength,
the safety of this stimulus is repeatedly
questioned. Common concerns raised

with blood flow-restricted exercise include the potential for
increasing the risk of developing a blood clot (17), the aug-
mentation of muscle damage (18), and whether the restriction
of blood flow may negatively affect the cardiovascular system
(19). Although there are concerns that applying blood flow
restriction during exercise makes that exercise inherently
more dangerous, this has been largely unfounded in con-
trolled experiments (20,21). Nevertheless, safety and steps to
minimize risk should be at the forefront of every practitioners
mind when applying this stimulus. We have advocated that
practitioners could mitigate many of the risks associated with
blood flow-restricted exercise by accounting for methodo-
logical factors, such as cuff width, cuff type, and the individual
to which the pressure is being applied (22Y25). Therefore, the
purpose of this article is to provide an overview of these
methodological factors and provide evidence-based recom-
mendations for how best to apply blood flow restriction. We
also provide some discussion on how blood flow restriction
may serve as an effective treatment in a clinical setting (in-
cluding both postoperative and nonoperative applications).

Applying Blood Flow Restriction
Cuff Width

A range of restrictive cuffs have been applied to restrict
blood flow during exercise, such as elastic pneumatic cuffs (11),
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nylon pneumatic cuffs (22), standard blood pressure cuffs (26),
and even elastic wraps (27,28). However, a number of these
cuffs are of different widths that range from 3 to 18 cm wide
(1,25,29). When investigating cuff widths commonly used
within the blood flow restriction literature, Loenneke et al.
(25) found that a 13.5-cm wide cuff requires less pressure to
occlude blood flow than a 5-cm wide cuff in the lower body.
Similarly, in the upper body, Jessee et al. (22) found that a 12-cm
wide cuff requires less pressure to occlude blood flow
compared with 5- and 10-cm wide cuffs. This is important
as arbitrary pressures (e.g., 200 mm Hg) used in conjunc-
tion with a smaller cuff width are often subsequently used in
studies implementing a wider cuff. For example, Abe et al.
(30) applied a restriction pressure of 200 mm Hg while
using a 5-cm wide cuff, whereas Gundermann et al. (31)
applied the same restriction pressure using an 11-cm wide
cuff. Although both were inflated to the same absolute pres-
sure, the cardiovascular response to each was potentially
quite different.

The need to apply the pressure relative to the cuff width
used is perhaps best displayed by Rossow et al. (32). In that
study, two different cuff widths were inflated to the same
restriction pressure (~150 mm Hg), and it was observed that
the 13.5-cm wide cuff induced a greater change in heart rate
and blood pressure during exercise than that observed with
exercise using a 5-cm wide cuff. Though this would appear
to suggest that exercising with wider cuffs would augment
the cardiovascular response, it is important to remember
that a wider cuff (at subocclusive pressures) inflated to the
same pressure as a narrow cuff will always be restricting
more blood flow. We have previously shown that exercise
with higher relative (% of resting arterial occlusion pres-
sure) restriction pressures produce greater reductions in
blood flow (3) and greater increases in blood pressure than
exercise with lower relative restriction pressures (33,34).
Thus, the greater change in the cardiovascular response is
likely due to the greater restriction of blood flow in the
13.5-cm condition, rather than the width of the cuff used
per se. In fact, a recent study from our laboratory suggests
that when the restriction pressure is made relative to the
width of the cuff and the participant, there is a similar re-
duction in blood flow between 5-, 10-, and 12-cm cuffs (35).
To summarize, when care is not taken to apply a pressure
relative to the cuff width used, participants’ cardiovascular
response to exercise may be unnecessarily elevated. Though
the magnitude of change in blood pressure is relatively small
and returns to baseline relatively quickly after cuff deflation
after exercise (36,37), there may be some patient populations
where minimizing the cardiovascular response is necessary.
For these populations, especially, having an appreciation of
the relationship between cuff width and hemodynamic re-
sponse is essential.

Although there is a similar reduction in blood flow when
cuffs are inflated to the same relative pressure, previous
literature has suggested that muscle growth may be attenu-
ated directly under the cuff (38,39). Therefore, if one was
primarily concerned with muscle growth, then resistance
exercising with a narrow cuff (5 cm) may be more favorable
compared with a wide cuff (18 cm). For example, Kacin and
Strazar (39) examined the muscle growth response in the
quadriceps after 4 wk of exercise with (13-cm wide cuff

inflated to 230 mm Hg) or without blood flow restriction.
There was an overall increase in muscle cross-sectional area
of the quadriceps; however, there appeared to be an atten-
uation of muscle growth directly underneath the cuff where
it was positioned. Another study by Ellefsen et al. (38) ex-
amined the muscular adaptations to blood flow restriction
resistance training and high load resistance training in the
lower body for 12 wk. The blood flow restriction condition
utilized an 18 cm wide cuff with a restriction pressure of
90 mm Hg to 100 mm Hg. The authors found that both
training conditions increased cross-sectional area similarly
at the distal location of the quadriceps but observed an at-
tenuation of cross-sectional area at the proximal location in
the blood flow restriction condition. Collectively, these
studies would suggest that the width of the cuff may impact
the amount of muscle growth that occurs in a limb. How-
ever, both studies used an arbitrary pressure during blood
flow restriction which may have put some individuals under
periods of arterial occlusion and/or unnecessarily high
pressures. This may have been one reason why muscle
growth was attenuated. To help address this, Laurentino
et al. (40) compared the muscular adaptation with two
distinct cuff widths (5 cm and 10 cm) inflated to a relatively
high-restriction pressure (80% arterial occlusion pressure)
in the upper body. The authors observed that muscle size
increased in a similar manner in both conditions despite the
10-cm cuff covering more area of the limb. This may suggest
that applying a relative restriction pressure to the cuff being
used can prevent the attenuation of growth under the cuff
by ensuring that no one is exercising under complete arterial
occlusion. There also may simply be differences between the
upper and lower body, given that the previous studies not-
ing the attenuation were completed during lower body re-
sistance exercise (38,39). Lastly, the measurement of one
site may have limited the authors’ ability to detect an at-
tenuation of growth. Based on the current literature, if an
individual wants to maximize growth after blood flow-
restricted exercise, we recommend inflating the pressure
relative to the cuff width used, and there may be some ra-
tionale for applying the pressure over a smaller area.

Cuff Material
The width of the cuff, as discussed in the previous section,

is an important factor to consider when applying the re-
striction pressure (25,32). However, it is important to note
that the early studies were not only comparing cuffs of dif-
fering width but also of differing material (and often infla-
tion devices). Elastic (11) and nylon (22) are two of the most
commonly used cuff materials within the blood flow re-
striction literature and it was unknown whether the differ-
ences between cuffs were due to cuff width or differences in
cuff material. When examining the impact of cuff material
in the lower body, Loenneke et al. (41) measured resting
arterial occlusion pressure using cuffs of similar size (5 cm
wide) but different material (nylon vs elastic). The authors
found that there were no apparent differences in resting ar-
terial occlusion pressure (41) or repetitions to volitional fail-
ure (an indirect marker of blood flow) between cuffs (42).
Buckner et al. (29) completed a similar study in the upper
body, though the cuffs were of slightly different widths (3 cm
elastic vs 5 cm nylon). The authors found that the resting
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arterial occlusion pressure was much greater in the 3-cm
elastic than the 5-cm nylon, and this difference appeared to
be driven by more than just the 2-cm difference in cuff width.
Regardless of the cuff material, when the restriction pres-
sure was made relative to each cuff, participants completed
a similar number of repetitions to volitional failure. This
suggested that there appeared to be some differences at rest in
the upper body between a 3-cm elastic and a 5-cm nylon cuff,
yet these differences appear largely eliminated during exercise
when applying the pressure relative to the cuff used.

Individual Characteristics
The restriction pressure applied during blood flow re-

stricted exercise should account for the cuff being used (e.g.,
cuff width/material) as well as the characteristics of the in-
dividual (e.g., limb circumference) to which the pressure is
being applied (24). Previous studies suggest that individuals
with larger limbs require greater pressures, and those with
smaller limbs require lower pressures (22,43). In the upper
body especially, an individual’s resting blood pressure also
will dictate the pressure needed; with higher blood pressures
being associated with higher arterial occlusion pressures
(22,43). Though associations between brachial blood pres-
sure and arterial occlusion are noted (22,43), investigators
should not base lower body blood flow restriction pressure
off of blood pressure determined in the brachial artery,
given the large difference in limb circumference between the
legs and the arms (24). One proposed method that accounts
for both the cuff being used and the individual is to apply a
percentage of the minimum pressure needed to completely
occlude blood flow to a limb in a resting state (i.e., resting
arterial occlusion pressure). We hypothesize that this method
ensures that all individuals are receiving a similar stimulus
and also may reduce the risk of a negative cardiovascular
event (19,23). Investigators also may need to measure resting
arterial occlusion pressure each training visit rather than
applying a restriction pressure based off one time point as
arterial occlusion may differ within or across days (44). If
investigators are unable to determine resting arterial occlu-
sion pressure directly via a hand-held Doppler probe, they
may be able to estimate this pressure using formulas pub-
lished elsewhere (22,43). As with any equation, they are
specific to the cuffs upon which they were developed and do
not necessarily translate to other cuff widths.

Exercise Intensity and Restriction Pressure
The appropriate pressure to induce favorable muscle ad-

aptations appears to be dictated, in part, by the exercise
load/intensity used. For example, when exercising at 30%
to 40% of maximum strength (9,45), a moderate restriction
pressure (e.g., 40% arterial occlusion pressure) appears
sufficient to induce increases in muscle size and strength
with no augmentation in the response by applying a higher
restriction pressure (80% to 90% arterial occlusion pres-
sure). This increase in muscle size after moderate restriction
pressure is not different from that observed after traditional
high load resistance training (45,46). Recent data suggest
that if the load is less than 30% of maximum, then a higher
restriction pressure (80% arterial occlusion pressure) may
be required to induce muscle growth similar to traditional
high load resistance exercise (45). If so, higher pressures

may be necessary in clinical applications where injury or
postoperative restrictions limit the amount of resistance
applied. This also may suggest that other lower-intensity
exercises, such as walking or cycling, may require higher
restriction pressures due to the low force of contractions
associated with these movements.

While blood flow restriction is primarily investigated
using single joint movements (i.e., elbow flexion and knee
extension), it also has been successfully applied to multi-
joint exercises such as the bench press and squat (11,16).
For example, Yasuda et al. (16) examined the muscular re-
sponse of the pectoralis major and triceps brachii after
bench press exercise with or without blood flow restriction
and found that the pectoralis major increased in muscle size
despite that muscle not being directly restricted. Although
there is an increase in muscle growth after blood flow-
restricted bench press training, this response is not always to
the same extent as that observed after traditional high-load
resistance training (47). It has been hypothesized that a
greater load and/or number of repetitions may be needed for
multijoint exercises to observe favorable muscular benefits
when combining blood flow restriction (48). Unpublished
observations from our laboratory examined whether the
manipulation of load was able to augment the acute mus-
cular response of a muscle (i.e., pectoralis) proximal to the
cuff when combined with a moderate restriction pressure
(i.e., 40% arterial occlusion pressure). We observed that
when the exercise was taken to failure, there were no dif-
ferences in the proximal and distal acute muscular re-
sponses when manipulating the external load (30% 1RM or
50% 1RM). Methodological differences such as the re-
striction pressure applied (70 mm Hg vs 160 mm Hg) and
exercise mode (upright vs supine) could explain the differ-
ent results compared to Yasuda et al. (16). Though our
acute finding should be interpreted with caution given that
a training study was not carried out, future investigations
may need to apply higher restriction pressures (i.e., 80%
arterial occlusion pressure) during compound exercises taken
to volitional failure or following the standard protocol.

Practical Blood Flow Restriction
The research on blood flow restriction exercise has pri-

marily been completed using devices capable of regulating
the restriction pressure. Although knowing the restriction
pressure applied may be critical in research and clinical
settings, this may not be a feasible option for the general
population exercising at their local gym. A way to apply
blood flow restriction during exercise without the use of
pneumatic cuffs is through the use of elastic wraps. Elastic
knee wraps (~76 mm wide) as an inexpensive, accessible,
and practical method of blood flow restriction was first in-
troduced in 2009 by Loenneke and Pujol (49). Following
this, several acute studies were performed noting that
practical blood flow restriction induced similar changes to
those observed when using pressurized cuffs (50Y54). How-
ever, a limitation of these studies is that the restriction pres-
sure or tightness of the wraps were not quantified.

In an attempt to provide some standard for assessing
the pressure applied to a limb with practical blood flow
restriction, Wilson et al. (55) developed and implemented
a 0 to 10 scale based on perceived tightness. The authors
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found that everyone in their study still had arterial inflow at
a rating of 7 out of 10 on this scale, whereas 67.7% were
completely occluded at a 10 of 10. Using this information,
the authors had participants exercise with the wraps applied
to a 7 of 10 and found acute increases in lactate, muscle
swelling, and electromyography amplitude compared to
a work-matched control group not exercising with practi-
cal blood flow restriction. After this acute work, training
studies found that practical blood flow restriction was able to
increase muscular strength in athletes in conjunction with their
regular resistance training (13,56) and induce muscle growth
similar to that observed with traditional high load resistance
exercise (57). These results suggest that practical blood flow
restriction may be a viable substitute to pneumatic cuffs.

Although these studies using practical blood flow re-
striction observed benefits, there are some limitations. For
instance, Yamanaka et al. (13) and Luebbers et al. (56) did
not use a 7 of 10 tightness but instead made marks on the
elastic wrap and used a 5- to 7-cm overlap instead. Further,
although there have been increases in muscle size and
strength with practical blood flow restriction (13,56,57), it
is unknown what effect this stimulus has on the veins and
arteries. In addition, the 7 of 10 scale was developed on
20 college-aged resistance-trained males and additional
work is needed to determine if this scale can appropriately
determine the pressure applied in other populations. An
alternative to the pressure scale would be to palpate either
the radial artery (upper body) or the posterior tibial ar-
tery (lower body). If there is no pulse detected, then the
wraps are too tight and should be loosened to ensure arte-
rial inflow. While practical blood flow restriction produces
favorable muscular adaptations, there are still a lot of un-
knowns. Future research on practical blood flow restriction
needs to be conducted to gain a better understanding on the
acute and chronic muscular response as well as the cardio-
vascular response.

Potential Applications in Clinical Medicine
The application of blood flow restriction may be useful

for a number of clinical conditions [please see (58) for a
recent systematic review]. However, for the purposes of this
review, we have chosen to only highlight a few of the po-
tential clinical applications of this technique.

Postoperative Application
Though rest is necessary, the period of disuse patients

experience post-operatively is associated with marked muscle
atrophy and strength loss. The loss of muscle cross-sectional
area is apparent throughout the stages of rehabilitation and
can often persist for months after surgery (59). Muscle
weakness also is prevalent after surgery with deficits larger
than 20% seen in more than 65% of patients 1-yr after an-
terior cruciate ligament reconstruction (60). Furthermore,
surgeries with more stringent postoperative restrictions, such
as cartilage repairs, tendon repairs, and multiligament re-
constructions may be at even greater risk for strength and
muscle deficits. Targeted postoperative care to mitigate these
deficits has become a priority, and rehabilitation protocols that
focus on both the cellular and functional level are needed.
Preliminary studies support the hypothesis that the application

of blood flow restriction by itself (4,61), in combination with
neuromuscular electrostimulation (62,63), or in combination
with low load resistance exercise (64), may combat many of
these deficits normally seen after an operation.

Joint Arthroplasty
Joint arthroplasty surgery typically involves patients be-

yond the fifth decade of life (65). The advanced age of these
patients places them at higher risk of sarcopenic changes
and the associated difficulty maintaining muscle cross-
sectional area and strength. Additionally, these patients
may not tolerate the loads needed for positive muscle ad-
aptation, regardless of their stage of rehabilitation. Given
this, the application of blood flow restriction with low load
exercise may be efficacious for these patients. In older
adults (70 yr), body weight exercise in combination with
blood flow restriction has been shown to improve both
knee extensor strength and performance in the timed up
and go test (66). In addition, exercise with low tension
bands in combination with blood flow restriction also has
been shown to increase muscle size as well as strength in
older adults (67,68). Another potential option may be low-
level walking, which when combined with blood flow re-
striction has been shown to increase muscle adaptation as
well as functional performance in the elderly (69,70).
Though more work is clearly needed, the application of
blood flow restriction with low load (intensity) exercise
may be a useful alternative to individuals who may be un-
able to tolerate traditional high load (intensity) exercise.

Nonoperative Applications

Patellofemoral pain
Patellofemoral pain is one of the most common condi-

tions among active individuals (71). Patellofemoral pain
affects those individuals primarily between the ages of 15
and 35 years and has been associated with a higher preva-
lence in females (72). Although the hallmark symptom is
anterior knee pain with loading of the patellofemoral joint,
quadricep strengthening is considered a cornerstone of re-
habilitation and found to reduce anterior knee pain (73).
However, clinicians are often unable to prescribe an adap-
tive load for quadriceps strengthening without aggravating
the patient’s symptoms. The addition of blood flow re-
striction to low load quadriceps exercises for patellofemoral
pain is an intriguing concept that may prove to be a solution
to the loading conundrum associated with the quadriceps.

There are two stages to consider when rehabilitating
individuals with patellofemoral pain; reduction of pain im-
mediately after the treatment session to encourage compli-
ance and improved quadriceps strength along with chronic
reduction in pain. Recently, it was observed that low load
(30% 1RM) resistance exercise in combination with blood
flow restriction reduced pain with daily activities compared
with high-load training (70% 1RM) in participants com-
pleting treatment for patellofemoral pain (64). Additionally,
participants who had pain with resisted knee extension
achieved greater gains in quadriceps strength in the blood
flow restriction group compared with the standard of care
group. After 6 months, both groups were equal on all out-
come measures.
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Muscle injuries
Muscle injuries are common for those participating in

sports (74). Recurrence rates of hamstring injuries have
been reported to be as high as 30% (75). A common reha-
bilitation intervention to prevent and rehabilitate from
these injuries is the application of eccentric exercises to the
injured muscle group. Unfortunately, many individuals
cannot tolerate the eccentric load after injury and loading.
Further, the associated muscle soreness post eccentric load-
ing can leave athletes with the feeling of muscle cramping
or possibly retearing if they incorporate this training into
their in-season program. Given that blood flow restriction is
associated with minimal muscle damage (20,76), this tech-
nique may be useful for practitioners. However, it is ac-
knowledged that eccentric blood flow restriction exercise
does result in some degree of soreness (20 mm of 100 mm
on a visual analogue scale) relative to concentric blood flow
restricted exercise (76). Furthermore, data on the effective-
ness of training only the eccentric portion of the exercise in
combination with blood flow restriction is currently limited.
The one study that is available suggests that concentric-
only blood flow restricted exercise was capable of in-
creasing muscle size and strength, yet this was not observed
with eccentric-only blood flow restricted exercise (77). It
may be that an individual needs a higher relative load when
exercising with ‘‘eccentric-only’’ actions. For example,
the eccentric-only condition exercised at 30% of their
concentric 1RM which would equate to a much lower rel-
ative load within the eccentric portion of the movement. If
a higher relative load with eccentric only blood flow re-
stricted exercise is effective, then it may provide the clini-
cian with a suitable alternative to the higher loads most
often associated with soft tissue eccentric training. Though
we suggest a potential favorable utility of blood flow re-
striction, whether or not the application of acute blood
flow restriction negatively influences the healing time of
the tissue directly under or distal to the restriction stimulus
also may need to be considered.

Conclusion
The literature on blood flow restriction suggests that this

method of training is an effective alternative to traditional
high load resistance training. Moreover, blood flow re-
striction seems to be beneficial during a rehabilitative peri-
od and may be useful in the clinical setting. When applying
the restriction pressure for blood flow restriction, safety is
of the utmost importance. Therefore, investigators should
be aware of the effects that cuff width, material, and indi-
vidual characteristics have on the amount of blood flow
being restricted. The pressure should be relative to the cuff
used (wider cuff, lower pressure) and to the individual to
whom the cuff is being applied (larger limb circumference,
greater pressure) rather than applying the same absolute
pressure to each individual. The practice of applying the
same absolute pressure to everyone should be discontinued,
particularly as it relates to the use of blood flow restriction
in the clinical setting.
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