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Abstract

Purpose There is some evidence that muscular activation
during exercise is enhanced by higher levels of blood flow
restriction (BFR). However, the impact of different rela-
tive levels of BFR on the acute neuromuscular response to
resistance exercise is not yet fully understood. We exam-
ined the acute effects of low-intensity knee extensions
[20 % of 1-repetition maximum (1RM)] with BFR on mus-
cle activation, neuromuscular fatigue and torque in the rec-
tus femoris (RF) and vastus medialis (VM) muscles.
Methods Fourteen men (24.8 £ 5.4 years) exercised at
20 % 1RM combined with 40, 60 and 80 % BFR. Restric-
tive pressures were calculated based on direct blood-flow
measurements taken at rest on each participant. Torque was
determined during pre- and post-exercise maximal volun-
tary contractions. Surface electromyographic activity [root
mean square (RMS)] was obtained during dynamic and
sustained isometric contractions before and after exercise.
The median frequency (MF) of the electromyographic
power spectrum was computed for isometric contractions.
Results Torque only decreased in the 80 % BFR condition
(—5.2 %; p < 0.01). Except for the VM in the 40 % BFR,
MF decreased in both muscles post-exercise in all condi-
tions (p < 0.01). MF decrements were of greater magni-
tude post-exercise at higher levels of BFR. RMS increased
within all sets in both muscles (p < 0.01) and attained
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higher values in the 80 % BFR condition; except for set 1
in the RF muscle (p < 0.01).

Conclusion Muscular activation, as well as neuromuscu-
lar fatigue, varies as a function of relative BFR intensity.
Therefore, the individual determination of vascular restric-
tion levels is crucial before engaging in BFR exercise.
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Abbreviations
BFR Blood flow restriction

IRM 1-Repetition maximum

RF Rectus femoris

VM Vastus medialis

RMS Root mean square

MF Median frequency

MU Motor units

EMG Electromyography

MVC Maximal voluntary contraction
SD Standard deviation

ANOVA  Analysis of variance

ICC Intraclass correlation coefficients
Iemg Integrated electromyographic activity
Introduction

Training at reduced intensities [20-50 % of maximal vol-
untary activation (MVC)] combined with blood flow
restriction (BFR) has challenged many principles of resist-
ance training (Moritani et al. 1992; Wernbom et al. 2008).
Numerous studies have reported that low-intensity resist-
ance training with BFR elicits increases both in muscle size
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and strength (Shinohara et al. 1997; Takarada et al. 2000a,
b, 2002; Abe et al. 2006) to a similar, or even greater, extent
than resistance training performed at intensities >65 % of 1
repetition maximum (1RM) (American College of Sports
Medicine 2009). Despite an extensive effort to understand
the physiological basis of muscle hypertrophy post-training
with BFR, the exact mechanisms underlying such response
remain largely unknown (Moritani et al. 1992; Takarada
et al. 2000a, b; Moore et al. 2004; Abe et al. 2006, 2010;
Fujita et al. 2007; Renzi et al. 2010). Past reports, exam-
ining the interaction between BFR and neuromuscular
adaptations, have shown that this form of exercise impli-
cates greater muscular activation to maintain the same total
work output (Moritani et al. 1992; Shinohara et al. 1997,
Takarada et al. 2000b; 2002, Yasuda et al. 2008; Wernbom
et al. 2009; Cook et al. 2013; Fahs et al. 2015). It has also
been shown that BFR induces heightened neural activation
and enhanced recruitment of type II motor units (MU) dur-
ing exercise (Moritani et al. 1992; Takarada et al. 2000b;
Moore et al. 2004). Taken together, these data indicate that
muscle hypertrophy might be partially driven by neuro-
muscular responses accompanying BFR exercise (Loen-
neke et al. 2011). In agreement with this hypothesis, simi-
lar levels of neuromuscular activity (measured by means
of surface electromyography—-EMG) have been previously
reported between low-intensity BFR exercise and non-BFR
high-intensity resistance training (Shinohara et al. 1997;
Takarada et al. 2000b; 2002). This suggests that both train-
ing options may be equally effective for the purpose of
enhancing the recruitment of type II MU (Moritani et al.
1992; Takarada et al. 2000b; Moore et al. 2004). Never-
theless, whether the neuromuscular component represents
a pivotal role in the genesis of muscle adaptations to BFR
training is not known.

Several methodological inconsistencies have gener-
ated conflicting findings between studies; thus limiting
our understanding of the physiological phenomena prim-
ing muscle hypertrophy post-BFR resistance training. For
example, the vast majority of studies on this topic have
implemented BFR training protocols prescribing an arbi-
trary restrictive pressure for all participants (Moore et al.
2004; Pierce et al. 2005; Yasuda et al. 2009, 2010; Wern-
bom et al. 2009; Cook et al. 2013). In contrast, other exper-
imental designs have based the restrictive pressure on rest-
ing systolic blood pressure values (Abe et al. 2006, 2010;
Yasuda et al. 2006; Cook et al. 2007). Recent findings,
however, indicate that neither one of these previously used
approaches represents an effective strategy for controlling
the magnitude of BFR in the lower body (Loenneke et al.
2012a, b).

It is presently believed that restrictive pressure should
be individualized to each participant (Scott et al. 2014).
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Laurentino et al. (2008) were the first to use a Doppler
probe for determining the pressure required for complete
vascular occlusion in the upper thigh at resting conditions.
In that study, the authors found that combining low-inten-
sity resistance training with BFR, set at 80 % of resting
arterial occlusive pressure, was as effective as high-load
training for inducing muscle hypertrophy.

To our knowledge, only two studies have specifically
explored changes in EMG amplitude across different BFR
pressures combined with resistance exercise (Yasuda et al.
2008; Loenneke et al. 2015). While one of these experi-
mental designs used different arbitrary BFR pressures
within the context of upper-limb exercise (Yasuda et al.
2008), the other involved lower-limb exercise and esti-
mated BFR relative pressure based on limb circumference
(Loenneke et al. 2015). Unfortunately, none of these studies
actually quantified pre-exercise resting vascular occlusion
pressure for adjusting BFR relative values on an individual
basis; thus limiting subsequent interpretations of the data.
For this reason, we aimed to gain a better understanding of
how torque, muscular activation and neuromuscular fatigue
are affected by different levels of BFR (determined directly
at rest on an individual basis) combined with low-intensity
resistance exercise (20 % 1RM). We hypothesized that, for
a given volume and intensity of exercise, muscle activation,
together with neuromuscular fatigue, would vary as a func-
tion of BFR relative pressure.

Methods
Participants

Fourteen healthy young men (age: 24.8 & 5.4 years; height:
175.2 &+ 4.4 cm; body mass: 71.1 £ 6.9 kg, and body mass
index: 23.1 + 1.8 kg/m?), with minor experience in exer-
cise training (not participating in any form of resistance or
endurance training for the last 6 months), were recruited to
participate in this study. The experimental risks involved
in the present investigation were thoroughly explained to
each participant. Subsequently, participants were asked to
sign an informed consent document before being enrolled
in the first testing session. This study was approved by the
Faculty’s Ethics Committee (CEFMH 17/2014) and com-
plied with the principles set forth in the Declaration of
Helsinki. At study entry, participants were also required to
fulfill a questionnaire focused on medical and training his-
tory. Participants were all non-smokers and free from any
known cardiovascular and metabolic diseases, as assessed
by medical history. Finally, the participants were instructed
to maintain the same level of physical activity throughout
the course of the study.
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Study design

After being familiarized with all testing procedures, the
participants were required to visit the laboratory within a
week for testing. All participants were tested on three dif-
ferent conditions over a period of ~3 weeks. Familiariza-
tion consisted of a single session that served the purpose
of simulating a real testing protocol (including BFR exer-
cise) and determining the cuff pressure required for elicit-
ing absolute vascular occlusion in right lower limb (at rest).
Then, on a different day, all participants performed a base-
line session, where (1) the vascular occlusion pressure for
the right lower limb was reassessed, (2) 1RM was deter-
mined for the right knee extension and (3) testing (includ-
ing metronomic pacing) was again reproduced.

Each participant was tested on 3 different conditions of
unilateral knee extension, using a Biodex System 3 isoki-
netic dynamometer (Biodex Medical Systems, Shirley,
NY). Participants exercised with various BFR levels at
20 % IRM throughout all testing sessions. This train-
ing intensity was selected because of its effectiveness in
inducing fatigue when combined with BFR (Cook et al.
2007). In each condition, the level of vascular restriction
was set according to the following relative BFR pressures
(normalized to the pressure values compatible with abso-
lute vascular occlusion obtained at rest): (1) 40 % BFR (2)
60 % BFR and (3) 80 % BFR (Fig. 1). Participants were
tested in the seated position and were fixed with chest and
abdominal straps. Vascular restriction was elicited using
a 13 x 124 cm pneumatic cuff (SC12L Tourniquet Cuffs,
D. E. Hokanson, Inc. Bellevue, WA) applied to the most
proximal portion of the right thigh. Before inflating the

pneumatic cuff to the target pressure, an adaptive cycle of
cuff inflation/deflation was performed, with inflations of
30 s and deflations of 10 s executed gradually at 50, 75,
and 100 % of each target point. The cuff was inflated to
the target inflation pressure prior to the first set of exercise
and then deflated and removed immediately after the final
post-exercise measurement, for a total of ~10 min restric-
tion time.

The following warm-up protocol was performed in each
visit to the laboratory before testing: (1) 6 min of unloaded
cycling on a cycle ergometer (60-70 rpm); (2) 3 sets of 4
progressive isokinetic knee extensions at 90° s~!, with a
maximal contraction in the last execution of each set. Fol-
lowing the warm-up period, the participants completed
three different pre-evaluations time points before exercise:
(1) MVC, (2) pre 1-20 % MVC without BFR and (3) pre
2-20 % MVC with BFR (1 min after cuff inflation). These
exact same three evaluation time points were repeated in
an inverse order post-exercise: (1) post 1-20 % MVC with
BFR, (2) post 2-20 % MVC without BFR (1 min after cuff
deflation) and (3) MVC. All BFR conditions integrated 4
sets of knee extension at 20 % 1-RM (30 + 15 + 15 + 15
repetitions), with 30 s of passive rest between sets. This
training volume has been used consistently in most studies
examining the physiological responses to BFR resistance
training (Loenneke et al. 2012b; Yasuda et al. 2009, 2010).
A metronome was used to control the concentric—concen-
tric mode, with 1 s for knee extension (20 % 1-RM) and
another for knee flexion (unloaded). Verbal encouragement
was provided to ensure that each participant completed the
full exercise protocol. For safety reasons, a pulse oxime-
ter (Onyx® IT 9560, Nonin Medical Inc., Plymouth, MN)

EXPERIMENTAL PROTOCOL

BFR Exercise (20% 1RM)

a. 40% BFR
b. 60% BFR
c. 80% BFR
\\ \\ \\ ™,
3x MVC Pre 1  Prez | BXERCISE " Post1 ) Post2 3 x MVC
4
3 min 3 min 1 min 1 min 1 min 1 min

PRE-EVALUATION

POST-EVALUATION

BFR Exercise (20% 1RM)

Setl Set2 Set3 Set4
30 + 15 + 15+ 15 repetitions

Fig.1 Experimental protocol. All participants performed 4 sets
of leg extension (30 + 15 4 15 4 15 repetitions) at 20 % 1 repeti-
tion maximum (/RM), with three different blood flow restriction
(BFR) conditions (40, 60, and 80 %). All measurements were taken
at 3 times, with 1 min rest for the maximal voluntary contractions

(MVC’s), and 30 s rest for pre 1, pre 2, post 1, post 2. MVC was
defined as the highest value obtained during testing. During submaxi-
mal isometric contractions (20 % MVC sustained contractions lasting
5 s) a mean value was determined for each measurement point (pre 1,
pre 2, post 1, post 2)
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was employed to the right hallux immediately after each
set to ensure that blood flow was not completely halted
by tissue edema. There were at least 5 days between test-
ing sessions and the order of conditions was randomized
after baseline measurements. All participants were asked
to avoid the intake of caffeine, alcohol and performing any
form of exercise for at least 48 h before testing. Addition-
ally, to minimize the circadian effect, they were all tested at
approximately the same time of day (£2 h).

1RM testing

1RM was determined for the right leg extension, using the
isotonic mode of the isokinetic device. The participants
were asked to complete 1 repetition through a full range of
motion (90°). A strong verbal encouragement was provided
in each trial and, at least, 2 min of recovery were allowed
between attempts. 1RM was defined as the maximal load
lifted in a full range of motion for a total of one single repe-
tition. For all participants, IRM was determined within five
attempts (mean values 221.8 4= 32.3 N m).

Maximal voluntary contraction

MVC was determined for the right leg extension. During
baseline measurements, a torque—angle curve was con-
structed on an individual basis to determine the optimal
knee joint angle to be used in all subsequent measurements
(pre- and post-exercise). MVC determination implicated
3 isometric contraction trials, with at least 3 s of duration,
each separated by 1 min of recovery. Participants were
instructed to exert their maximum force as fast as possible
and peak torque was defined as the pre- and post-exercise
MVC values.

Submaximal voluntary contraction measurements

Submaximal voluntary contractions were performed with
and without BFR, in an isometric fashion, at a pre-deter-
mined force level (20 % MVC). As mentioned above, the
knee joint angle was individualized to the optimal torque—
angle value. In each trial, participants performed three
sustained isometric contractions with a force plateau of at
least 5 s, each separated by 30 s of recovery. They were
instructed to attain the target value smoothly and to sustain
the contraction throughout the predefined period of time;
using the visual feedback of a computer monitor. The mean
value of the three sustained isometric contractions obtained
during each trial was used for further analyses.
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Determination of vascular occlusion pressure at rest

The vascular occlusion pressure was determined at rest,
using a vascular Doppler probe (PD1 + Combi, Ultrasound
Technologies Ltd, Caldicot, UK) that was placed over the
tibial artery. A 13 x 124 cm pneumatic cuff was placed
on the most proximal end of the right thigh (inguinal fold
region) and inflated up to the point when the auscultatory
pulse of the tibial artery was interrupted (Laurentino et al.
2008). Determination of vascular occlusion pressure was
conducted during the familiarization session and again at
baseline (mean values 139.4 £ 7.8 mmHg). The between-
session differences were <5 % in all participants; thus indi-
cating that the pressure of absolute vascular occlusion was
highly reproducible. To guarantee similar cuff placement
between testing sessions, a photographic record was made
for each participant. Vascular restriction used in each con-
dition was then set as a relative measure of absolute vascu-
lar occlusion (40, 60, and 80 % BFR).

EMG and force signal acquisition

Electrodes were placed following SENIAM recommenda-
tions and recorded continuously from the vastus medialis
(VM) and rectus femoris (RF) of the right leg during all
protocols. The recording sites were shaved, abrased and
cleaned with alcohol wipes. EMG signals were collected
using the Trigno™ wireless EMG system (Delsys Inc,
USA). The signals had a baseline noise <4.5 @V pk—pk and
a bandwidth filter between 20 and 450 Hz 10 %. Digitiz-
ing was performed at a resolution of 16 bits and at a sam-
pling frequency of 2 kHz (MP150, Biopac Systems, Inc.).
Data collection was synchronized with the force signal
collected from the Biodex System. EMG amplitude (root
mean square—RMS) was measured from EMG signals: (1)
during MVC measurements—RMS was calculated based on
a 500 ms time window centered on the highest force value,
(2) during the submaximal voluntary contractions at 20 %
MVC-RMS was calculated in a 5000 ms plateau of each
isometric contraction using the mean value of the 3 trials
in each measurement point and (3) during the dynamic
exercise protocols—RMS was calculated for each repetition
based on a 500 ms time window centered on the highest
force level. All RMS measurements were normalized to
pre-exercise MVC. Median frequency (MF) was calculated
from EMG raw signals: (1) MVC (pre- and post-exercise)
for a time window of 500 ms, centered on the highest force
level and (2) 20 % MVC measurements for 5000 ms, using
the mean value of the three trials in each measurement
point.
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Statistical analysis

All data are reported as mean =+ SD, unless otherwise spec-
ified. The Mauchly’s test was used to test the assumption of
sphericity. The Greenhouse-Geisser correction was imple-
mented to adjust the degrees of freedom for the averaged
tests of significance when the assumption of sphericity was
not met. Paired ¢ tests were used for exploring possible dif-
ferences in MVC derived parameters (torque, MF, RMS)
from pre- to post-exercise time points at each condition (40,
60, and 80 % BFR). A two-way repeated measures ANOVA
[3 conditions (40 vs. 60 vs. 80 % BFR) x4 times (pre 1 vs.
pre 2 vs. post 1 vs. post 2)] was conducted to determine
the effects pre- to post-exercise, of relative BFR intensity
on neuromuscular fatigue (MF) and muscular activation
(RMS). An additional two-way repeated measures ANOVA
[3 conditions (40 vs. 60 vs. 80 % BFR) x5 times (start set
1 vs. end set 1 vs. end set 2 vs. end set 3 vs. end set 4) was
used for RMS analyses within each exercise protocol. For
this analysis, sets were divided into thirds and, in each time
point, mean value + SD was compared. When a significant
effect was detected at a significance level of p < 0.05, ¢ tests
were used for post hoc comparisons. Adjustment for mul-
tiple comparisons was made with Bonferroni’s correction.
The intraclass correlation coefficients (ICC) were addition-
ally calculated for all pre-exercise data (all conditions) with
the purpose of exploring the between-sessions reliability
of all parameters (torque, MF and RMS). The ICC values
varied from 0.71 to 0.94 (95 % confidence interval) which

represents good reliability (Cicchetti and Sparrow 1981).
All statistical calculations were computed using the SPSS
22.0 statistical software package (SPSS Inc., Chicago, IL)
and a significance level of p < 0.05 was used.

Results

Pre- and post-exercise measurements were primarily
focused on the acute impact of each condition on the fol-
lowing variables: (1) mechanical output (MVC’s torque),
(2) neuromuscular function and fatigue (MF of the EMG
power spectrum and (3) muscular activation (RMS of the
EMG signal). Data obtained before and after exercise are
shown in Table 1.

Maximal voluntary contraction

Torque decreased by 5.2 % post-exercise; however, this was
limited to the 80 % BFR condition (p < 0.01). No signifi-
cant differences from pre- to post-exercise measurements
were observed on RMS or MF values for either muscle.

Submaximal voluntary contraction

Median frequency. The pre-exercise MF and RMS values
were compared between all conditions and no differences
were detected for either the VM or the RF muscle. How-
ever, in the RF muscle, we obtained a condition by time

Table 1 Mechanical and
electromyographic data

. . . exercise
obtained during maximal

40 % BFR pre-exercise post- 60 % BFR pre-exercise post-

80 % BFR pre-exercise post-

exercise exercise

voluntary contractions

Torque (Nm) 309.8 (36.7)
performed before and after .
. . Vastus medialis
dynamic knee extension
exercise combined with MFggg (Hz) 68.5(9.3)
different pressures of relative MF (Hz) 69.0 (9.0)
vascular restriction RMS g (%) 17.4 (4.8)
RMS (%) 16.1 (5.0)
Rectus femoris
MFgpr (Hz) 79.6 (9.3)
MF (Hz) 80.3 (12.2)
RMSgpg (%) 18.9 (6.7)
RMS (%) 21.4 (8.0)

304.2 (38.3) 304.5(37.4) 299.1 (31.4) 309.5(35.8) 294.3 (43.4)*
68.0(9.4)  703(12.1)  66.4(9.5%  70.0(10.6)  65.1 (9.3)*
71.8 (10.6)*  69.1(10.6)  70.8 (12.7)  69.4(9.7)  71.4(10.5)*
17.249) 18045  21.3(5.9% 19.6(4.6)  29.1 (10.7)*
166(5.1) 16849  187@3)  17.6(52)  23.2(9.8)
73.4(9.1)%  83.4(14.0) 724(6.8)*  79.5(10.6) 65.6 (10.5)
80.9(10.8) 86.8(13.7) 80.8(9.9)  85.7(14.9) 76.7 (11.9)*
203(8.6)  19.8(7.1)  237(9.8)* 203(62)  27.8 (10.4)*
21.5(104) 223(8.8)  220(7.5)  22.1(7.6)  26.7(11.0)

Values are mean £ SD

Significant differences were set at p < 0.05 (*) for each parameter in the same condition (pre 1 vs. post 2—
without BFR; pre 2 vs. post 1-with BFR)

BFR blood flow restriction, MF ., median frequency of the electromyographic power spectrum obtained
with blood flow restriction before dynamic exercise (at pre 2), MF median frequency of the electromyo-
graphic power spectrum obtained without blood flow restriction before dynamic exercise (at pre 1), RMS
grr Toot mean square of the electromyographic signal obtained with blood flow restriction before dynamic
exercise (at pre 2), RMS ppx, root mean square of the electromyographic signal obtained without blood flow
restriction before dynamic exercise (at pre 1), RMS root mean square
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Fig. 2 Median frequency of the electromyographic power spectrum
of the Rectus Femoris and Vastus Medialis obtained pre and post-
exercise with different levels of blood flow restriction (BFR): 40 %
BFR; 60 % BFR; 80 % BFR. Pre-exercise without BFR (pre I); pre-

interaction for MF (F = 4.0, p < 0.05). Post hoc analyses
indicated that, from pre 1 to pre 2, MF decreased in the
80 % BFR condition (—7.8 %, p < 0.01), but not in the 40
or the 60 % BFR conditions (Fig. 2). In contrast, from pre 2
to post 1, MF decreased in all conditions (40 % BFR: —8.4,
60 % BFR: —15.2, 80 % BFR: —21.2 %; p < 0.01). This
represented a reduction of 9.5, 19.9, and 30.6 % (at 40, 60,
and 80 % BFR, respectively) in MF values from pre 1 to
post 1 (p < 0.01). There was a significant increase in MF at
exactly 1 min post-cuff release in all conditions (from post
1 to post 2) (40 % BFR: 9.3, 60 % BFR: 10.4, 80 % BFR:
14.5 %; p < 0.01). Despite this, in the 80 % BFR condi-
tion, MF values remained lower than those obtained at pre
1(—11.8 %, p < 0.01). Conversely, this was not the case for
the 40 or 60 % BFR conditions.

There was a time main effect for MF in the VM
(F = 17.5, p < 0.05). Follow up ¢ tests indicated that MF
was not affected by cuff inflation (pre 1 to pre 2) in any
condition (Fig. 2). Nevertheless, from pre 2 to post 1, MF
decreased significantly in both the 60 and 80 % BFR condi-
tions (—3.2 and —7.5 %, respectively) (p < 0.01). In con-
trast, no differences were seen between pre 1 and post 1,
time points. Finally, at 1 min post-cuff release (from post
1 to post 2), there was a significant increase in MF and this
occurred similarly in all conditions (40 % BFR: 5.3, 60 %

@ Springer

exercise with BFR (pre 2); post-exercise with BFR (post I); Post-
exercise without BFR (post 2). Asterisk significant differences from
pre 1 to pre 2; pre 2 to post 1; post 1 to post 2 (p < 0.05)

BFR: 6.3, 80 % BFR: 8.8 %; p < 0.01). Importantly, in the
40 % BFR condition, such increase implicated that MF
values recorded at post 2 attained higher values than those
obtained at post 1 (3.9 %, p < 0.01).

Root mean square. There was a time (F = 4.1,
p < 0.05) and condition main effect (F = 3.9, p < 0.05)
for RMS in the RF. After cuff inflation (from pre 1 to
pre 2), the RMS of the RF decreased significantly in the
40 % BFR condition (—13.9 %, p < 0.01) (Fig. 3). On
the other hand, the 80 % BFR condition produced a sig-
nificant increase in RMS (28.1 %, p < 0.01) after exer-
cise (from pre 2 to post 1). Figure 3 also depicts that cuff
deflation (from post 1 to post 2) did not affect the RMS
of the RF in any condition.

In the VM, there was a condition by time interaction
for RMS (F = 10.3, p < 0.05). Cuff inflation increased
the RMS in the VM, but only in the 80 % BFR condition
(9.8 %, p < 0.01) (Fig. 3). RMS was also enhanced after
exercise (from pre 2 to post 1) in the 60 % BFR (15.5 %,
p < 0.01) and 80 % BFR (32.8 %, p < 0.01) conditions.
Cuff deflation (from post 1 to post 2) only induced signifi-
cant decreases in RMS values for the 80 % BFR condition
(—25.7 %, p < 0.01). Despite this, in the 80 % BFR condi-
tion, RMS remained persistently higher compared to that
seen at pre 1 (23.8 %, p < 0.01).
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Fig. 3 Root mean square of the electromyographic signal of the Rec-
tus Femoris and Vastus Medialis obtained pre and post-exercise with
different levels of blood flow restriction (BFR): 40 % BFR; 60 %
BFR; 80 % BFR. Pre-exercise without BFR (pre 1); pre-exercise with

Exercise protocol

Root mean square: There was a time by condition interac-
tion for the RMS values of both the RF (F = 13.8, p < 0.05)
and the VM muscle (F = 8.0, p < 0.05). RMS increased
significantly within each set of exercise in all conditions
(p < 0.05). Importantly, this pattern of response was sus-
tained from the first to the last set of exercise. Despite
this, RMS values were similar between sets in the 40 and
60 % BFR condition. In contrast, the 80 % BFR condition
evoked a significant increase in RMS between the end of
set 1 and the end of set 2 (p < 0.05). From then on, RMS
remained unchanged until exercise termination.

We found no significant differences in the RMS of either
muscle during the 1/3 of set 1 (start) when comparing its
values between conditions throughout the sequence of
sets (Fig. 4). Additionally, while the RMS of the RF was
similar between conditions by the end of the set 1, this
was not the case for the VM. Our analyses revealed that,
in this muscle, there were overall differences between con-
ditions at the end of set 1 (p < 0.05). Furthermore, at the
end of sets 2, 3, and 4, the RMS of the RF was different
between 40 and 80 % BFR (p < 0.01) and also between 60
and 80 % BFR (p < 0.01). No differences were detected
between 40 and 60 % BFR. In the VM, by the end of set

Pre2 Post1

60%BFR

Pre2 Post1 Post2

80%BFR

Post2 Pre1

BFR (pre 2); post-exercise with BFR (post I); Post-exercise without
BFR (post 2). Asterisk Significant differences from pre I to pre 2; pre
2 to post 1; post 1 to post 2 (p < 0.05)

2, there were significant differences between 40 and 80 %
BFR (p < 0.01) and between 60 and 80 % BFR (p < 0.01).
Finally, by the end of sets 3 and 4, there were significant
differences in the RMS of the VM between all conditions
(p <0.01).

Discussion

To our knowledge, this is the first study exploring the acute
neuromuscular changes resulting from different levels of
lower limb relative BFR, following a direct measurement
of absolute vascular occlusion obtained at rest. We aimed
to resolve some methodological limitations previously
reported in the existent literature (Loenneke et al. 2015),
and to extent the findings of past research on the neuromus-
cular changes secondary to resistance exercise performed
at different levels of BFR pressure (Loenneke et al. 2015;
Yasuda et al. 2008). Accordingly, we used a more direct
and individualized approach for adjusting BFR; thus ensur-
ing similar level of relative vascular restriction between
participants at pre-exercise conditions. More importantly,
we demonstrated that muscle fatigue is dependent on the
relative level of vascular restriction and this is novel. Spe-
cifically, by analyzing the MF of the EMG power spectrum,
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our data suggest that neuromuscular fatigue is of greater
magnitude and duration when using a cuff pressure equiv-
alent to 80 % BFR during resistance exercise. Given that
we also obtained significant increases in RMS throughout
the different BFR protocols, the same holds true for mus-
cular activation; a finding that is line with that reported
in past research (Moritani et al. 1992; Moore et al. 2004;
Yasuda et al. 2008, 2009; Wernbom et al. 2009; Cook et al.
2013; Fahs et al. 2015; Loenneke et al. 2015). Finally, by
showing that the VM and RF responded differently to the
same restrictive stimulus, we also present preliminary evi-
dence that not all thigh muscles are similarly affected by
acute BFR. This suggests that cuff placement, size and/
or proximity to the muscle belly likely model the interac-
tion between BFR, muscular activation and neuromuscular
fatigue. Alternatively, such different levels of activation
within the thigh muscles may simply reflect a pattern of
neural compensation triggered by neuromuscular fatigue.

Mechanical output

Mechanical output was only affected by exercise com-
bined with 80 % BFR. There is general agreement that
BFR resistance exercise decreases torque (Cook et al. 2007,
2013; Karabulut et al. 2010; Wernbom et al. 2012; Loen-
neke et al. 2012b, 2015) and that this is secondary to neu-
romuscular fatigue, not muscle damage (Loenneke et al.
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2014). Even though the magnitude of torque reduction is
not a direct surrogate of neuromuscular fatigue or less blow
flow (Cook et al. 2007), as torque was not affected by lower
restrictive pressures (i.e. 40 and 60 % BFR), our findings
do not entirely corroborate those of past research. Impor-
tantly, these seemingly discrepant findings between stud-
ies might be explained by several factors inherent to our
experimental design. First, post 1 and post 2 measurements
required at least 5 min to be completed. For this reason,
post-exercise MVC was not obtained immediately after
exercise cessation and this likely affected the results. Sec-
ond, in contrast to that prescribed in most previous studies,
BFR exercise was not performed until mechanical failure.
Third, since MVC’s were taken without BFR, flow medi-
ated dilation might have induced faster post-exercise recov-
ery by means of muscle reperfusion secondary to reactive
hyperemia.

Median frequency

With the exception of that obtained for the 80 % BFR
condition in the RF, MF was not affected by cuff inflation
before exercise. This suggests that, when using high values
of restrictive pressure, BFR is an effective strategy for elic-
iting significant changes in neuromuscular function. The
exact mechanisms underlying such response are presently
unknown. From a hypothetical standpoint, this might be
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secondary to an increased synchronization of the MU fir-
ing frequency, a decrease in active MU and/or changes in
intrinsic muscle properties (Bigland-Ritchie et al. 1986).
Most studies indicate that MF reduction is more strongly
associated with a decreased muscle fiber conduction veloc-
ity (Eberstein and Beattie 1985). Moreover, there is com-
pelling evidence supporting a crucial role of intramuscular
acidity, together with a reduced sarcoplasmic reticulum
Ca*" uptake, in the impairment of muscle contractile func-
tion (Place et al. 2009).

We also found that higher levels of BFR elicited greater
decrements in MF values post-exercise. Importantly, this
occurred in the context of similar exercise volume and BFR
duration between all conditions. Despite some methodolog-
ical differences in cuff characteristics (narrower cuff) and
BFR pressure values (~280 mmHg), one previous report
had already shown that BFR knee extension exercise elic-
its a progressive reduction in MF values for both the vastus
lateralis (VL) and RF muscles (Pierce et al. 2005). More
recently, the MF of the VM and VL was also documented
to decrease (by 18.5 and 18.2 %, respectively) after one set
of high intensity (80 % 1-RM) squats (until failure), using
approximately 60 % BFR (measured in the femoral artery)
(Neto et al. 2014). Taken together, these data corroborate
the notion that the magnitude of neuromuscular fatigue
varies as a function of relative vascular restriction when
using this form of exercise. Moreover, we found that, in the
80 % BFR condition, MF values remained lower at post 2
(after cuff release) compared to that seen at pre 1. Thus,
we provide evidence that higher levels of vascular restric-
tion also determine a slower recovery from neuromuscular
fatigue (for a given volume of exercise and BFR duration).
This finding may have two important practical applications.
First, since the recovery from neuromuscular fatigue is
slower at high levels of BFR, we could speculate that the
interval period between training sessions should be manip-
ulated (i.e., longer duration) to optimize the physiologi-
cal effects of BFR resistance exercise. Nevertheless, full
conclusions can only be addressed after a follow up study
on the time required for full recovery from neuromuscu-
lar fatigue. Second, our data show that, when adjusted
to individual blood flow determinations made at resting
conditions, relative BFR affects the acute neuromuscular
response of training. Therefore, it should be viewed as a
decisive factor when adjusting the overall characteristics of
a BFR resistance training prescription (particularly in terms
of training frequency). From a different perspective, as
exercise at 80 % BFR was the most effective stimulus for
prolonging neuromuscular fatigue, high levels of BFR can
be relevant for muscle adaptation. This concept is corrobo-
rated by past findings showing that BFRE-induced fatigue
(secondary to heightened lactate accumulation) may fur-
ther stimulate muscle protein synthesis via the Akt/mTOR

signaling pathway (Loenneke et al. 2010). Furthermore,
since it has been showed that MF decrements are sensitive
to biochemical changes in type II fibers (Gerdle and Fugl-
Meyer 1992), we can speculate that BFR exercise with high
levels of relative restriction is an important factor whenever
this type of neuromuscular stimulation is the primary focus
of the BFR training program.

Finally, BFR exercise had different effects in the MF of
the VM and RF; particularly when comparing pre 1 to pre
2 and pre 1 to post 2. These findings are similar to those
reported in the existent literature (Pierce et al. 2005). Since
the restrictive cuff was positioned exactly over the RF mus-
cle, it should determine a more pronounced degree tissue
compression compared to that seen in the VM. Ultimately,
as reported in one previous study, direct cuff compression
on the proximal portion of the thigh likely predisposes
the RF muscle to exercise-induced neuromuscular fatigue
(Kacin and Strazar 2011).

Root mean square

There is general agreement that BFR increases EMG
amplitude during an acute stimulus of resistance exercise
(Takarada et al. 2000a, b, 2002; Yasuda et al. 2008, 2009;
Wernbom et al. 2009; Cook et al. 2013; Fahs et al. 2015;
Loenneke et al. 2015). In line with these studies, we also
observed an increment for the RMS values in response
to multiple sets of low-intensity BFR exercise. As there
were no between-set differences for external load or mus-
cle force production, we believe that this response may be
representative of physiological compensation to maintain
force against conduction failure (Moritani et al. 1992).
Hypothetically, as previously postulated, these increments
in EMG amplitude might reflect an enhanced recruit-
ment of type II MU (Moritani et al. 1992; Takarada et al.
2000a; Moore et al. 2004) due to the local accumulation
of metabolites (Loenneke et al. 2015). According to this
premise, BFR should have induced RMS increments on
both muscles (VM and RF) at pre- and post-exercise time-
points. However, it is interesting to note that this was not
the case as the VM displayed a different pattern of response
in RMS compared to that seen in the RF muscle. Specifi-
cally, while the VM responded with a significant increase
in RMS from pre 2 (pre-exercise) to post 1 (post-exercise)
both in the 60 and 80 % BFR conditions, this did not occur
in the RF muscle. In the RF, RMS was only increased post-
exercise in the 80 % BFR condition. Mechanistically, we
believe that these differences reflect a strategy to compen-
sate impaired muscle contraction of the RF in the fatigued
state. Nevertheless, future research is warranted to confirm
these possible explanations. Irrespectively of this, we found
that, 80 % BFR was the only condition leading to signifi-
cant increases in the RMS values of both the VM and RF
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muscles. Thus, taking this into consideration, our data indi-
cate that this represents the minimal level of relative BFR
required to evoke significant changes in MU activity during
exercise, not performed to volitional fatigue. These find-
ings do not corroborate those of past research indicating for
the purpose of eliciting significant changes in MU activity
during exercise iIEMQ), it is not necessary to go beyond a
restrictive pressure of 60 % BFR (Loenneke et al. 2015).
Nevertheless, the methodological differences between stud-
ies likely underlie these discrepant results.

The analyses resulting from dynamic exercise protocols
are in consonance with that seen during isometric con-
tractions. Accordingly, the RMS values obtained in both
muscles were consistently greater in the 80 % BFR con-
dition throughout all sets of exercise. As for the set-by-set
comparisons, we obtained no differences in RMS between
conditions for the RF at the end of the 1st set of exercise.
Conversely, in the 80 % BFR condition, the VM reported
a significant increase in RMS values at this specific time
point. This means that the threshold for enhancing muscle
activation with vascular restriction was attained at the end
of 30 repetitions performed with 80 % BFR for the VM,
but not for the RF muscle (independently of BFR relative
intensity). To our knowledge, only one previous study has
investigated changes in EMG activity across different BFR
pressures using the same external load (Yasuda et al. 2008).
While focusing on the upper-limb response to BFR exer-
cise, the authors found that muscle EMG activity was more
strongly potentiated by high levels of external compres-
sion (147 mmHg). Importantly, in another study using low-
intensity BFR exercise, Yasuda et al. (2006) reported that
vascular restriction enhanced the EMG integrated activity
of the triceps brachii muscle; however this was only seen
after the end of the 2nd set. Taken together, these data sub-
stantiate that relative BFR pressure represents a proven way
to fine-tune the acute impact of BFR resistance training on
acute neuromuscular activation.

Conclusion

Based on our findings, we conclude that, for a given volume
and intensity of exercise, the magnitude of neuromuscular
activation, as well as fatigue, varies as a function of BFR
relative pressure. Accordingly, within the context of resist-
ance training, BFR should not be prescribed using standard-
ized values of absolute pressure. Ultimately, as the relation-
ship between absolute and relative values of BFR pressure is
not the same among different persons, this approach might
shift the dose—response towards the domain of pure unpre-
dictability. For this reason, we believe that engagement in
BFR training programs should invariably be preceded by
the quantification of resting vascular occlusion pressure.

@ Springer

Limitations

Women were not included in the present study and this
represents an important limitation to our findings. Future
research, using a mixed-sex population, is needed to over-
come this limitation and strengthen the interpretation of
these results. Nevertheless, it is important to note that adi-
pose tissue distribution follows a sexually dimorphic pat-
tern and that this may induce significant decreases in sur-
face EMG signal amplitude; thus affecting data analyses
(Kuiken et al. 2003).
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