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Abstract

An increasing amount of evidence has been shown to support the use of blood flow restriction (BFR) in combination with
low-load resistance exercise to enhance morphological and strength responses. The BFR technique involves applying a
tourniquet cuff to a limb and pressurizing it with a tourniquet instrument to restrict, but not fully occlude, arterial blood
flow into the limb during rehabilitative exercise. A review of BFR rehabilitation literature shows that inconsistencies exist in
methodology, equipment and in levels of restriction pressure used. Current non-personalized methodologies of setting BFR
pressure may occlude rather than restrict blood flow, increasing the risk of injury during rehabilitation. Furthermore, these
non-personalized methods of setting pressure do not provide a consistent stimulus within and across patients, reducing the
efficacy of the BFR rehabilitation and inhibiting the meaningful comparison of a full range of BFR studies. A restriction
pressure level set for each individual patient, based on a percentage of limb occlusion pressure (LOP) measured at rest, and
applied using a surgical-grade tourniquet cuff, enables those individual patients to receive a safe and consistent BFR stimulus
compared to other methods of setting the restriction pressure level. In view of the above, it is crucial to use surgical-grade
tourniquet technology with automatic LOP measurement capability, adapted to incorporate and deliver optimal protocols,
for safe and effective application of BFR to consistently achieve optimal patient outcomes in rehabilitation.
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1 Introduction

Periods of reduced activity are common following surgery
or injury. Physical inactivity leads to muscle atrophy, and
inactivity caused by an unloading of body weight is associ-
ated with numerous health consequences including changes
in the quality and quantity of muscle and bone and a reduced
ability for rehabilitative exercise [1].

Resistance rehabilitation is used to recover muscle size
and strength following injury or surgery. Typically, a per-
son is required to lift loads at or above 65% of their one
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repetition maximum (1RM) to have noticeable increases in
muscle size and strength [2]. However, during rehabilitation
from injury patients may be limited to performing low-load
resistance rehabilitative exercises in which strength and size
benefits are less evident compared with high-load resistance
rehabilitative exercise.

An increasing amount of evidence has been shown to sup-
port the use of blood flow restriction (BFR) in combination
with low-load resistance rehabilitation (~20-40% 1RM)
to augment morphological and strength responses [3, 4].
Studies have also shown that applying BFR without reha-
bilitative exercise after lower limb surgery [5] or after limb
immobilization [6, 7] effectively diminishes muscle atrophy
due to disuse and associated loss of muscle strength. This
evidence indicates that BFR may also be useful for rehabili-
tation without exercise.

The BFR technique involves applying a tourniquet cuff
to a limb and pressurizing it with a tourniquet instrument
to restrict, but not fully occlude, arterial blood flow into
the limb during rehabilitative exercise. Physiologically, it
is hypothesized that the ischemic and hypoxic muscular
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environment created during BFR causes high levels of met-
abolic stress and mechanical tension when used in tandem
with exercise. Metabolic stress and mechanical tension have
both been described as ‘primary hypertrophy factors’ that are
theorized to activate other mechanisms that induce muscle
growth. However, presently these associations are primarily
hypothetical and specific identification of the mechanisms is
currently lacking [4]. Nonetheless, these findings have sig-
nificant implications in that low-load rehabilitative exercise
with BFR can facilitate muscular changes in populations
where high mechanical loads may be contraindicated or not
possible, including post-operative rehabilitation patients and
the elderly [3].

Although clinical interest in the use of BFR exercise as
a rehabilitation tool has greatly increased in recent years,
a review of BFR rehabilitation literature shows that incon-
sistencies exist in methodology, equipment and in levels of
restriction pressure used. For example Jessee et al. [8] sum-
marized fifteen recently published BFR studies in the upper
body and cuff pressures ranged widely. Some studies used
a pressure applied with a tourniquet cuff at a level set as a
percentage of personalized limb occlusion pressure (LOP),
other studies used a fixed cuff pressure applied with cuffs
having a variety of sizes and shapes, and a few studies set
pressure based on systolic blood pressure using old formu-
las that have been proven inaccurate, unreliable and largely
discontinued in surgical tourniquet settings [9—11]. These
inconsistencies in methodology and equipment have made
it difficult to apply a safe and consistent BFR stimulus to
patients, they prevent a controlled comparison of different
BFR protocols, and thus they limit the identification and
delivery of optimal patient outcomes.

This paper explains why it is crucial to use surgical-grade
tourniquet technology with automatic LOP measurement
capability, adapted to incorporate and deliver optimal proto-
cols, for safe and effective application of BFR to consistently
achieve optimal patient outcomes in rehabilitation.

2 Limb Occlusion Pressure (LOP)

To overcome the above described inconsistencies, many
studies [8—10, 12] have recommended the use of personal-
ized pressures based on LOP for BFR rehabilitation. LOP is
defined as the minimum pressure required, at a specific time
in a specific tourniquet cuff applied to a specific patient’s
limb at a specific location, to stop the flow of arterial blood
into the limb distal to the cuff. LOP is affected by variables
including the patient’s limb characteristics; characteristics of
the selected tourniquet cuff, including shape, width, length,
presence or absence of circumferential bladder and internal
stiffener; the technique of application of the cuff to the limb;
physiologic characteristics of the patient including blood
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pressure and limb temperature; and other clinical factors (for
example, the extent of any elevation of the limb during LOP
measurement and the extent of any limb movement during
measurement) [11].

3 The Need for Personalized Pressures

A restriction pressure level set for each individual patient,
based on a percentage of LOP measured at rest, and applied
using a surgical-grade tourniquet cuff, enables those indi-
vidual patients to receive a safe and consistent BFR stimulus
compared to other methods of setting the restriction pressure
level [10]. Current non-personalized methods of setting BFR
pressures have significant safety and efficacy issues.

3.1 Safety-Related Aspects of Existing BFR
Techniques

The primary safety issue with current methodologies of set-
ting restriction pressures for BFR is the potential of using
pressures that are higher than LOP. An analysis of previous
studies using an arbitrary fixed pressure of 200 mmHg or
using a percentage of brachial systolic blood pressure (SBP)
(e.g. 130% of SBP) and cuffs of differing widths showed that
these methodologies of setting pressure may result in a sig-
nificant number of subjects having cuff pressures above the
LOP, thus occluding rather than restricting blood flow dur-
ing the rest period and possibly during exercise itself [13].
Other non-pneumatic bands and elastic wraps [10] apply
unknown pressures to the limb which have been shown in
some instances to be hazardously higher than the LOP [11,
14, 15].

It is well established in the literature that higher levels of
tourniquet pressure and higher pressure gradients underneath
tourniquet cuffs are associated with a higher risk of nerve-
related injury [11]. Although injury from BFR rehabilitation
is uncommon, use of pressures that are unnecessarily high
increases the risk of detrimental side effects including pos-
sible nerve injury and ischemic injury [11].

Furthermore, the use of pressures that occlude rather than
restrict blood flow is associated with other limitations and
hazards. Complete arterial occlusion reduces the effective-
ness of the BFR intervention and can cause the formation
of a thrombus. Also, unnecessarily high levels of limb com-
pression may cause a slowing of nerve conduction velocity,
potentially detrimental for long duration BFR rehabilitation.
Further, higher pressures place a greater demand on the car-
diovascular system compared to lower pressures during BFR
rehabilitation [16].



Why is it Crucial to Use Personalized Occlusion Pressures in Blood Flow Restriction (BFR) Rehabilitation?

175

3.2 Efficacy-Related Aspects of Existing BFR
Techniques

Loenneke et al. [9, 10] demonstrated that setting BFR
pressure as a function of blood pressure or at a fixed pres-
sure does not provide a consistent stimulus across patients
because these methods of setting pressure neglect impor-
tant factors that affect LOP, including limb circumference
and cuff width, Fig. 1. This confirms what has been well
established in the surgical tourniquet literature on LOP [11].
Fatela et al. [12] analyzed the effect of relative BFR pressure
on the acute neuromuscular response to BFR resistance exer-
cise and showed that muscular activation and neuromuscular
fatigue varies as a function of relative BFR. Consequently,
Fatela et al. [12] concluded that it is crucial to determine
individual levels of vascular restriction, by quantifying the
resting LOP, before engaging in BFR rehabilitative exercise.

4 Benefits of Personalized Pressures

There are three primary benefits of using personalized
pressures based on a relative percentage of LOP, deter-
mined automatically on a resting patient by a surgical-
grade tourniquet instrument, and applied safely and con-
sistently by a surgical-grade tourniquet cuff, Fig. 2. First,
the use of such tourniquet instruments and cuffs are based
on decades of experience in surgical settings, and assures
the safe, accurate, and reliable application of pressure
to a patient’s limb [11]. Setting and regulating the pres-
sure as a predetermined percentage of the LOP can help
avoid adverse events that may result from inadvertently

Fig. 1 Limb occlusion pres- 500-
sure (LOP) versus the ratio of
tourniquet cuff width to limb
circumference. For any given
limb circumference, the tourni-
quet pressure required to stop
arterial blood flow decreases as
the width of the tourniquet cuff
increases. Reproduced with
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applying pressures that result in complete arterial occlu-
sion [8]. Second, the application of a consistent level of
restriction pressure limits variability in BFR intensity for
individual patients, since muscular activation, as well as
neuromuscular fatigue, varies as a function of relative
BFR intensity [12]. Third, accurately applying a consist-
ent level of restriction pressure enables the outcomes and
results of a full range of BFR studies to be compared on a
meaningful basis so that optimal protocols can be identi-
fied and applied [17].

5 Limitations of Other Approaches

In early studies the most commonly used method for deter-
mining LOP to set restriction pressure was based on the
use of Doppler ultrasound by a specifically trained clini-
cian. However, this method is time-consuming, requires
additional equipment, and the accuracy of LOP measure-
ment is highly dependent on the specific training and experi-
ence of the measuring clinician. Alternatively, Jessee et al.
[8] developed equations to predict a patient’s LOP, taking
into account some of the determinants of LOP investigated
in their study, but these equations do not account for all
variables known to affect LOP [11] and their application
may be too complex and time-consuming for routine clini-
cal use. Additionally, some low-cost, non-tourniquet cuffs
[18] and other devices such as elastic knee wraps [19] have
been proposed for BFR rehabilitation, but their effectiveness
is unproven and they present safety hazards, Fig. 3. This is
because they do not have the ability to automatically take
into account each patient’s LOP when setting the restriction
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Fig.2 Modern surgical-grade

tourniquet instrument and cuff BACKUP PRESS, TIME INSTRUMENT CUFF LEAK \ J
adapted for BFR rehabilitation, POWER MEMORY & SELF TEST TEST &
showing elements that provide EVENTLOG MONITOR PERSONALIZED
improved safety, accuracy | I_I ’—' DUAL-PURPOSE
and reliability to consist- TOURNIQUET
ently achieve optimal patient CUFF CUFF
outcomes PRESSURE
REGULATOR
MICROCOMPUTER
CUFF
PRESSURE
SENSOR
HIGH/LOW
LOP
TIMER PRESSURE
DETECTOR ESTIMATOR
CUFF ELAPSED PRESSURE
HAZARD TIME ALARMS
INTERLOCK ALARM
USER PRESSURE &
CONTROLS TIME DISPLAYS
wév = @
—_ — @
;.} 800+ :%3 800- Ia 800+ —
radien
£ : E  Thax E 450 _
£ s00- Gradient < 600- Pressure = 600+ fem = 720
g 250 _ g 450-700 2
2 5om 2 N
® 400- _ Max 9 400- O 400- _ Max
T Pressure o o Pressure
E 250 LEE E 450
o 2 200- 3 200-
< < J L <
0 0
0 5 10 012 01 2
Cuff Width (cm) Cuff Width (cm) Cuff Width (cm)

Fig.3 A comparison of applied pressures and pressure gradients typi-
cally produced by a a modern pneumatic surgical tourniquet cuff, b a
non-pneumatic, non-surgical strap-type tourniquet and ¢ a non-pneu-
matic elastic ring designed to combine exsanguination and tourniquet
functions. Each tourniquet was selected and applied as recommended

pressure level for individual patients, they apply unknown
and inconsistent pressures to a patient’s limb that can be
much higher or much lower than the intended restriction
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by the respective manufacturer to stop arterial blood flow in an upper
limb. Higher levels of pressure and higher pressure gradients are
associated with higher probabilities of patient injuries. Reproduced
with permission from McEwen and Casey [15]. CMBEC32, Calgary,
Canada, 2009 May 20-22

pressure [11, 14], and they lack important safety features
proven in surgical-grade tourniquet instruments and cuffs
such as safe limits on pressures and protocols, accurate



Why is it Crucial to Use Personalized Occlusion Pressures in Blood Flow Restriction (BFR) Rehabilitation? 177

pressure regulation and low pressure levels and gradients
beneath cuffs [11].

6 Conclusion

In view of the above, it is crucial to use surgical-grade tour-
niquet technology with automatic LOP measurement capa-
bility, adapted to incorporate and deliver optimal protocols,
for safe and effective application of BFR to consistently
achieve optimal patient outcomes in rehabilitation.
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