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Abstr act

We aimed to determine whether blood flow restriction (BFR) 
alters the characteristics of individual motor units during low-
intensity (LI) exercise. Eight men (26.0 ± 3.8 yrs) performed  
5 sets of 15 knee extensions at 20 % of one-repetition maximum 
(with and without BFR). Maximal isometric voluntary contrac-
tions (MVC) were performed before and after exercise to quan-
tify force decrement. Submaximal isometric voluntary contrac-
tions were additionally performed for 18 s, matching trapezoidal 
target-force trajectories at 40 % pre-MVC. EMG activity was re-
corded from the vastus lateralis muscle. Then, signals were de-
composed to extract motor unit recruitment threshold, firing 
rates and action potential amplitudes (MUAP). Force decrement 
was only seen after LI BFR exercise (–20.5 %; p < 0.05). LI BFR 
exercise also induced greater decrements in the linear slope co-
efficient of the regression lines between motor unit recruitment 
threshold and firing rate (BFR: –165.1 ± 120.4 vs. non-BFR: 
–44.4 ± 33.1 %, p < 0.05). Finally, there was a notable shift to-
wards higher values of firing rate and MUAP amplitude post-LI 
BFR exercise. Taken together, our data indicate that LI BFR exer-
cise increases the activity of motor units with higher MUAP am-
plitude. They also indicate that motor units with similar MUAP 
amplitudes become activated at higher firing rates post-LI BFR 
exercise.

  

  
Abbreviations

LI 		  low-intensity exercise
LI BFR 	low-intensity exercise with blood flow restriction

Introduction
Past research indicates that blood flow restriction (BFR) enhances 
muscle activation during low-intensity (LI) exercise [1–7]. In fact, 
there is partial evidence that the acute neuromuscular response to 
LI BFR exercise is similar to that seen during non-BFR high-intensi-
ty resistance exercise [5–7]. Based on this, it has been suggested 
that both these methods of resistance training are equally effec-
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tive for enhancing the recruitment of high threshold motor units 
(MU) [5, 6, 8]. However, this hypothesis has not yet been empiri-
cally tested. It is merely supported by experimental studies in which 
the levels of muscular activation and neuromuscular fatigue were 
inferred from global parameters of surface electromyographic 
(EMG) signal amplitude [6, 8].

Automatic decomposition of surface EMG signals into their con-
stituent motor unit action potential (MUAP) trains has recently 
been introduced [9, 10]. The possibility of exploring the behavior 
of MUs non-invasively, by means of surface EMG decomposition, 
may allow further insight into the impact of LI BFR exercise on neu-
romuscular function. Previous studies have shown that, during fa-
tiguing submaximal contractions, there is a decrease in the recruit-
ment threshold of all MUs [11, 12]. In parallel, as muscle fatigue 
becomes more severe, additional MUs are gradually recruited and 
the firing rate of the already active MUs also increases [11–16]. The-
oretically, due to the nature of its metabolic demands, LI BFR exer-
cise might also trigger such a pattern of MU behavior. This would 
serve as a compensatory strategy to counteract the progressive 
decline in force-generating capacity with muscle fatigue. Thus, we 
hypothesized that LI BFR exercise would induce higher firing rates 
in the low threshold MUs. Additionally, we hypothesized that high 
threshold MU (with lower firing rates) would be recruited more ef-
fectively following BFR vs. non-BFR exercise.

Materials and Methods

Participants
Eight healthy young men (age: 26.0 ± 3.8 yrs; height: 173.6 ± 9.1 cm; 
body mass: 72.1 ± 8.6 kg), with minor experience in exercise train-
ing (not participating in any form of resistance or endurance train-
ing for the last 6 months), were recruited to participate in this 
study. The participants were informed of the experimental risks 
and were asked to sign an informed consent document before 
being enrolled in the first testing session. They were also instruct-
ed to maintain the same level of physical activity throughout the 
course of the study. Participants were all non-smokers and free 
from any known cardiovascular or metabolic diseases, as assessed 
by medical history. All participants were asked to avoid the intake 
of caffeine, alcohol and performing any form of exercise for at least 
48 h before testing. Additionally, all participants were tested at ap-
proximately the same time of day ( ± 2 h). This study was approved 
by the Faculty Ethics Committee and complied with the principles 
set forth in the ethical standards of the journal [17].

Study design
After being familiarized with all testing procedures, participants 
were tested on two different conditions (in a randomized fashion) 
over a period of 1 week. Familiarization consisted of two sessions 
that served the purpose of ensuring adaptation to all testing pro-
cedures (including metronomic pacing and LI BFR exercise) and 
performing pre-exercise baseline measurements: (1) assessment 
of arterial occlusion pressure (AOP) for the right lower limb, and (2) 
determination of one-repetition maximum (1RM) for right knee 
extension. Each participant was tested on two different conditions 
of unilateral knee extension (LI exercise at 20 % 1RM vs. LI BFR ex-

ercise at 20 % 1RM) using a modified isotonic leg extension machine 
(Technogym®, Executive Line, Gambetolla, Italy), adapting a block-
ing system that allows isometric contractions in the proposed knee 
angles. All measurements were taken in the seated position, with 
the participants’ arms in full extension and their hands holding the 
chair supports. A general warm-up was performed before each test-
ing session: (1) 6 min of unloaded cycle ergometry (60–70 rpm), 
and (2) 2 × 15 isotonic knee extensions at 20 % 1RM. Then, the par-
ticipants completed three different pre-evaluation time points be-
fore exercise (▶Fig. 1): (1) maximal voluntary isometric contrac-
tion (MVC), (2) pre 1 – target-force trajectory at 40 % MVC, and (3) 
pre 2 – target-force trajectory at 40 % MVC. The same three evalu-
ations were repeated in an inverse order after acute LI exercise with 
and without BFR. Measurements at pre 1 and post 2 time points 
were performed without BFR in both conditions. In the LI BFR con-
dition, measurement of pre 2 and post 1 were made with BFR.

One-repetition maximum
1RM was determined for right knee extension. Participants were 
asked to complete 1 repetition throughout a full range of motion 
(90º), with 1RM being defined as the maximal load that each par-
ticipant mobilized in a single maximum dynamic knee extension. 
All participants received strong verbal encouragement in each at-
tempt and 1RM was always determined within 5 attempts (mean 
value: 78.9 ± 19.9 kg).

Maximal voluntary contraction
MVC was determined for right knee extension (before and after 
acute LI exercise with as well as without BFR). Knee joint angle was 
set at ~ 70° for all participants. MVC was measured in response to 
3 isometric contractions with 3 s of duration, each separated by 
1 min of recovery. Participants were instructed to exert their max-
imum force as hard as possible and MVC was defined as the maxi-
mum force obtained in 3 pre- and post-exercise attempts.

Resistance exercise protocols
Acute exercise (LI and LI BFR) included 5 sets of 15 repetitions for 
unilateral knee extensions performed at 20 % 1RM, with 30 s of pas-
sive rest between sets (▶Fig. 1). This training volume (i. e., 75 reps) 
has been used consistently in most studies examining the physio-
logical responses to LI BFR resistance exercise [3, 18–22]. A metro-
nome was used to control the cadence, with 1:1 s for concentric 
and eccentric muscle contractions, respectively.

Blood flow restriction
BFR was set at 60 % of AOP taken at resting conditions. AOP was de-
termined during the familiarization session, over the right tibial ar-
tery, using a vascular Doppler probe (PD1 + Combi, Ultrasound Tech-
nologies Ltd, Caldicot, UK). BFR was elicited using a 13 × 124 cm 
pneumatic cuff (SC12L Tourniquet Cuffs, D. E. Hokanson, Inc. Bellevue, 
WA) applied to the most proximal portion of the right thigh. To guar-
antee similar cuff placement between the familiarization and test-
ing sessions, a photographic record was made for each participant. 
Each testing session was preceded by a structured protocol designed 
to expose the exercising limb to the desired level of BFR in a progres-
sive fashion. Thus, before inflating the pneumatic cuff to the target 
pressure, an adaptive cycle of cuff inflation/deflation was performed, 
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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 tar-
get pressure immediately at the beginning of pre 2. Then, it was de-
flated immediately at the beginning of post 2. BFR was sustained for 
a total of ~ 8 min per session. For safety reasons, a pulse oximeter 
(Onyx® II 9560, Nonin Medical Inc., Plymouth, MN, USA) was used 
(placed on the right hallux) to ensure that blood flow was not com-
pletely halted by tissue edema immediately after each set of BFR ex-
ercise.

Target-force trajectory at 40 % of maximal voluntary 
contraction
Measurements were taken during submaximal voluntary contrac-
tions performed at each time point (pre 1, pre 2, post 1 and post 2). 
Participants were instructed to produce an isometric trapezoidal 
force profile (presented on a computer screen) with a plateau at 40 % 
MVC. The force profile had the following characteristics: (1) initial 
quiescent region with 3 s of duration, (2) up-ramp contraction with 
a slope of 6.5 % MVC/s, (3) constant target-force region at 40 % MVC 
with 12 s of duration and (4) down-ramp contraction with a slope of 
6.5 % MVC/s.

EMG and force signal acquisition
EMG signals were synchronized with the force signal recorded from 
a load cell (SM S-Type; Interface, Scottsdale, AZ, USA), specifically 
adapted for the leg extension machine. Surface EMG was recorded 
from the vastus lateralis muscle using a sensor array (DelSys Inc., Bos-
ton, MA, USA) consisting of five cylindrical pins (0.5 mm diameter) 
located on the corners and the center of a 5 × 5 mm square. Pairwise 
differentiation of the 5 electrodes yielded 4 EMG channels that were 
band-pass filtered between 20 and 450 Hz. Both the EMG sensor and 
reference electrode were connected to a Delsys Bagnoli-16 ampli-
fier (total gain of 1000) and to an analog-to-digital converter with a 

sampling frequency of 20 kHz (USB-6251; National Instruments, Aus-
tin, TX, USA). EMGworks and dEMG software (Delsys Inc.) were used 
for data acquisition and EMG signal decomposition, respectively. The 
four channels of raw EMG were analyzed simultaneously, using dEMG 
algorithms, to extract the MUAP trains of concurrently active MUs 
[9]. The accuracy of each decomposed MUAP train was then calcu-
lated [23]. We analyzed only MUAP trains that were decomposed 
with an accuracy level > 90 % [12]. The firing behavior of each MU was 
characterized by exploring the following parameters: (1) MU recruit-
ment threshold, calculated as the force level at which the MU start-
ed firing; (2) MU mean firing rate, calculated from the inverse of the 
inter-pulse intervals in a 4-s period between 18–22 s of the constant-
force segment of each submaximal contraction, and (3) the MUAP 
shape amplitude, calculated as the maximum amplitude of the pos-
itive or negative MUAP phases detected across the four EMG chan-
nels [12].

Statistical analysis
Data were reported as mean ± SD. Mauchly’s test was used to test 
the assumption of sphericity. The Greenhouse-Geisser correction 
was implemented to adjust the degrees of freedom for the aver-
aged tests of significance when the assumption of sphericity was 
not met. Paired t tests were used to explore differences in MVC be-
tween conditions (LI vs. LI BFR) before and after exercise. Regres-
sion lines of the relationship between MU recruitment threshold 
and firing rate (RT/FR) were calculated from the EMG signal. A two-
way repeated measures ANOVA [2 conditions (LI vs. LI BFR) x 4 times 
(pre 1 vs. pre 2 vs. post 1 vs. post 2)] was computed to determine 
the effects of each condition on the relationship between MU re-
cruitment threshold and firing rate (linear slope coefficients and y-
intercepts). Post hoc t tests, with Bonferroni’s adjustment, were 
used for all repeated measures analyses when significant effects 
were detected. The relationship between MU shape amplitude and 

EXPERIMENTAL PROTOCOL

Set1

Exercise Conditions

PRE-EVALUATION POST-EVALUATION

EXERCISE Post 1 Post 2Pre 2Pre 13 x MVC 3 x MVC

LI
LI BFR

a.
b.

15 15 15 15 15 repetitions++++
Set2 Set3 Set4 Set5

Exercise (20 % 1RM)

3 min 1 min 1 min 1 min 1 min 1 min

▶Fig. 1	 Experimental protocol. All participants performed 5 sets of unilateral knee extensions at 20 % of one repetition maximum (1RM) 
(15 + 15 + 15 + 15 + 15 reps). 30 s of passive rest were allowed between sets. Blood flow restriction (BFR) was set at 60 % of the arterial occlusion pres-
sure for the right lower limb. Three maximal voluntary contractions (MVCs) were completed before and after exercise (1 min of rest between each 
MVC). MVC was defined as the highest force value obtained during testing. Isometric target-force contractions (trapezoidal force profile) were per-
formed once at 40 % MVC during pre 1, pre 2, post 1 and post 2. Surface electromyographic signal, recorded during each submaximal contraction, 
was subsequently decomposed to extract the motor unit action potential trains of concurrently active motor units. 
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firing rate (SA/FR) was non-linear. Thus, inverse exponential regres-
sions of the form y = A + Be(-Cx) were used in this case. All statistical 
calculations were computed using the SPSS (version 22.0, SPSS Inc., 
Chicago, IL, USA) and significance was set at p < 0.05.

Results
MVC decreased by 20.5 ± 10.1 % after exercise, but only in the LI 
BFR condition (t = 5.3, p = 0.001). In the LI condition, MVC had a 
non-significant decrease of 0.2 ± 4.1 %.

Recruitment threshold/firing rate analysis
There was a condition-by-time interaction for the RT/FR linear slope 
coefficient (F = 10.7, p = 0.002). Post hoc analyses indicated no dif-
ferences between conditions in transition from pre 1 to pre 2, nor 
from post 1 to post 2. In contrast, as can be seen in ▶Table 1, the 
magnitude of decrease in the RT/FR linear slope coefficient from 
pre 2 to post 1 was of smaller magnitude in LI when compared to 
that seen in LI BFR [–44.4 ± 33.1 (p = 0.004) vs. –165.1 ± 120.4 % 
(p = 0.001), respectively]. ▶Fig. 2a shows the linear regressions 
between conditions in 2 representative participants. As depicted 
in ▶Fig. 2b, similar results were also obtained for comparisons be-
tween pre 1 and post 2 [LI: –72.8 ± 56.8 (p = 0.013) vs. LI BFR: 
–234.0 ± 133.0 % (p = 0.001)].

There was a condition-by-time interaction for the y-intercept 
(F = 7.2, p = 0.012). Follow-up t tests revealed no differences be-
tween conditions neither from pre 1 to pre 2 nor from pre 2 to post 
1. Conversely, there was an increase in the y-intercept values from 
post 1 to post 2, but this occurred only after LI BFR exercise 
( + 24.1 ± 17.6 %, p = 0.005).

Shape amplitude/firing rate analysis
Qualitatively, the SA/FR regression line was considerably altered by 
the LI BFR condition. Specifically, there was an upward-right shift be-
tween pre 2 and post 1, thus indicating that MUs with similar MUAP 
amplitude increased their firing rates and that LI BFR elicited the re-
cruitment of MUs with higher MUAP amplitudes. ▶Fig. 3 shows the 
comparison between conditions in 4 representative participants.

Discussion
It is often argued that BFR enhances the recruitment of high thresh-
old MUs during LI exercise and that, despite low mechanical load-
ing, this triggers muscle hypertrophy [4, 6, 8, 24–26]. However, to 
our knowledge, the impact of acute LI BFR exercise on the firing be-
haviour of individual MUs has never been determined. Using sur-
face EMG signal decomposition, we found that LI BFR exercise in-
duces a greater decrease in the linear slope coefficient of the rela-
tion between MU recruitment threshold and firing rate. This 

▶Table 1	 Individual linear slope coefficient and y-intercept values for pre 2 and post 1. Pre- to post-exercise mean values ± standard deviation (SD) for low-
intensity (LI) exercise with and without blood flow restriction (BFR).

Pre 2 to Post 1

Linear Slope Coefficient y-Intercept

Participant LI LI BFR LI LI BFR

1 –0.29 –0.32 –0.27 –0.66 19.5 17.3 21.1 24.4

 + 9.1  + 146.1 –11.0  + 15.6

2 –0.5 –0.53 –0.61 –1.67 23.8 24.1 25.8 33.7

 + 6.8  + 173.9  + 1.3  + 30.4

3 –0.31 –0.56 –0.18 –0.98 21.8 22.3 17.5 21.4

 + 83.2  + 447.7  + 2.3  + 22.7

4 –0.22 –0.38 –0.4 –1.26 17.8 18.8 21.6 20.5

 + 73.1  + 216.9  + 5.7 –5.1

5 –0.37 –0.72 –0.76 –1.13 19.8 23.0 24.3 26.5

 + 94.5  + 49.3  + 16.2  + 8.8

6 –0.52 –0.59 –0.62 –0.85 21.7 25.5 25.6 28.7

 + 14.3  + 38.1  + 17.7  + 12.3

7 –1.01 –1.27 –0.89 –1.95 33.8 34.6 33.8 32.7

 + 27.7  + 117.9  + 2.6 –0.3

8 –0.49 –0.72 –0.43 –0.99 23.6 23.7 21.9 21.5

 + 48.2  + 131.13  + 0.6 –1.8

Mean –0.46 –0.64 –0.52 –1.19 22.7 23.7 23.8 26.2

SD  0.23  0.27  0.23  0.4 4.6 4.9 4.2 4.8

Diff %  44.4 *   165.1 * *  4.2 10.3

 ± 33.1  ± 120.4  ± 8.6  ± 11.7

Linear slope coefficients and y-intercept values were determined using the regression lines between motor unit (MU) recruitment threshold and mean 
firing rate. Pre 2 and post 1 measurements were taken in each condition (LI and LI BFR) 1 min before and another after exercise, respectively; 
* Differences within conditions, p < 0.05; * * Differences between conditions, p < 0.05.
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suggests that acute LI BFR exercise is effective for heightening the 
recruitment of MUs with higher threshold and lower firing rates 
[12, 23, 27]. In addition, the magnitude of increase in the RT/FR 
y-intercept from post 1 to post 2 (i. e., following cuff release) was 
more expressive in the LI BFR condition. This further indicates that 
MUs recruited at similar force levels fire at higher rates during mus-
cle contractions performed post-LI BFR exercise. Finally, we showed 
that LI BFR exercise elicits an upward right shift of the SA/FR rela-
tionship. This provides preliminary evidence that performing this 
type of resistance exercise is effective for recruiting MUs with high-
er amplitude. It also suggests that MUs with similar MUAP ampli-
tude fire at higher rates after LI BFR exercise.

Mechanical output
MVC decreased only after LI BFR exercise. These results are consist-
ent with past research [1, 3, 28, 29] and most likely reflect neuro-
muscular fatigue instead of muscle damage [19]. Nevertheless, one 
previous report has shown that, when performed at 60 % BFR, LI 
exercise does not exacerbate neuromuscular fatigue [18]. However, 
in that study, participants exercised on an isokinetic dynamometer 
and muscle loading was limited to the concentric phase of the lift. 
Conversely, in the present study, muscle loading was extensive to 
both phases of motion (i. e., concentric and eccentric) and this like-
ly explains the discrepancies between studies.

Effects of BFR (pre 1 to pre 2)
There were no changes in the linear slope coefficients or the y-in-
tercepts from pre 1 to pre 2 in either condition. Thus, our findings 

show that neuromuscular function is not affected by relative BFR 
per se and this corroborates past findings. Specifically, there is com-
pelling evidence that the attenuation of both muscle atrophy and 
declines in strength with brief applications of BFR are mediated via 
an acute fluid shift-induced increase in muscle size [30].

Effects of LI BFR exercise (pre 2 to post 1)
The analysis of the RT/FR regression lines indicates that the linear 
slope coefficient was the only parameter altered by LI exercise (ei-
ther with or without BFR). Importantly, both conditions induced 
significant decrements in its values and this might be secondary to 
the additional recruitment of high-threshold MUs during the ramp 
contractions post-LI exercise [11, 12]. According to the “onion skin” 
principle, these higher-threshold MUs have lower firing rates, thus 
determining a more negative linear slope coefficient between RT/
FR [12, 23, 27]. Nevertheless, we found that the impact of LI BFR 
exercise on decreasing the linear slope coefficient was four times 
larger than that seen post-LI. This is similar to that reported in past 
research for other fatiguing-tasks and strongly suggests that LI BFR 
is particularly effective in decreasing the recruitment threshold of 
all motor units [11, 12]. The progressive recruitment of new MU 
may also provide a partial explanation for this effect [11, 12, 14–16]. 
There are at least two hypothetical reasons for such findings: (1) 
the metabolic stress resulting from exercise performed with re-
duced blood flow and peripheral venous pooling, which might trig-
ger the recruitment of additional glycolytic MUs while preventing 
the removal of metabolites from the muscles [21, 31]; (2) the en-
gagement of extra MUs, which might represent a compensatory 
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strategy to preserve mechanical output after fatiguing LI BFR exer-
cise [11, 13–15]. Our data on the SA/FR regression lines further in-
dicate that the MU recruited in the LI BFR condition exhibited high-
er MUAP amplitudes. Taken together, our findings support the con-
tention that acute LI BFR exercise promotes the activation of 
high-threshold MUs [32].

Effects of BFR release (post 1 to post 2)
Cuff release post-LI exercise heightened the magnitude of increase 
in the y-intercept of the RT/FR regression lines. This is compatible 

with an increased MU firing rate post-BFR release, possibly to main-
tain force production within the context of BFR-induced fatigue, 
which was quantified through the decrease in mechanical output 
after LI BFR exercise. Importantly, because there were no differenc-
es between conditions for the RT/FR linear slope coefficient, our 
data suggest that MU recruitment was similar between conditions 
in transition from post 1 to post 2. Compared to that seen post-ex-
ercise before BFR release, this represents a different neurophysio-
logical strategy of responding to the same testing paradigm (sub-
maximal isometric tracking task).
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▶Fig. 3	 Representative participant-specific relations between motor unit (MU) mean firing rates and action potential (MUAP) amplitude, obtained 
during pre 2 and post 1. All motor units were plotted for low-intensity (LI) exercise a without and b with blood flow restriction (BFR).
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Conclusion
This is the first study to compare the individual changes in MU ac-
tivation (through EMG decomposition) between LI exercise per-
formed with and without BFR. We found that BFR induces a shift in 
the MU recruitment pattern during LI exercise, and this is novel. 
Specifically, there is an early recruitment of MU with high thresh-
old and low firing rates. Moreover, we demonstrated that the mag-
nitude of this effect is much larger post-LI BFR compared to that 
seen post-LI exercise. Finally, we showed that the firing rate of sim-
ilarly sized MUs increases after BFR release. Further research is war-
ranted to determine whether these effects underlie the hypertro-
phy gains with BFR.

Limitations
One important limitation of surface EMG decomposition is that the 
population of tracked MUs can differ between experimental ses-
sions, despite consistent EMG electrode placement. This may also 
apply to different measurements taken within the same testing ses-
sion (due to differences in skin blood flow, blood pooling or even 
tissue filtering that might occur both with and without BFR). While 
acknowledging that this might represent a limitation of our meth-
odological approach, it is important to note that we were able to 
decompose a relatively high number of MUs in each measurement 
time-point contraction (i. e., ~21 MUs for LI and 17 for LI BFR). For 
this reason, we believe that our interpretations on the interaction 
between fatigue and altered MU firing behavior are correct [12, 23]. 
Moreover, within the context of BFR, the use of surface EMG de-
composition raises the possibility that MUAP amplitudes might 
have been diminished by the impact of edema on signal quality. 
Nevertheless, the algorithms used for signal decomposition have 
been extensively tested in past research for: (1) changes of MUAP 
shape under a variety of conditions, (2) superpositions of action 
potentials, (3) a large dynamic range in the amplitudes among the 
MUAPs, and (4) similar MUAPs shapes at various times [33]. Thus, 
we are confident that our findings were not substantially affected 
by this limitation.
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