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Blood flow restriction augments the skeletal muscle
response during very low-load resistance exercise
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The purpose of this study was to compare the acute muscular response with resistance exercise between the following
conditions [labeled (% one-repetition maximum/% arterial occlusion pressure)]: high-load (70/0), very low-load
(15/0), very low-load with moderate (15/40), and high (15/80) blood flow restriction pressures. Twenty-three
participants completed four sets of unilateral knee extension to failure (up to 90 repetitions) with each condition,
one condition per leg, each day. Muscle thickness and maximal voluntary contraction (MVC) were measured before
(Pre), immediately after (Post-0), and 15 min after (Post-15) exercise and electromyography (EMG) amplitude during
exercise. Pre to Post-0 muscle thickness changes in cm [95% CI] were greater with 15/40 [0.57 (0.41, 0.73)] and
15/80 [0.49 (0.35, 0.62)] compared to 70/0 [0.33 (0.25, 0.40)]. Pre to Post-0 MVC changes in Nm [95% CI] were
higher with 15/40 [−127.0 (−162.1, −91.9)] and 15/80 [−133.6 (−162.8, −104.4)] compared to 70/0 [−48.4 (−70.1,
−26.6)] and 15/0 [−98.4 (−121.9, −74.9)], which were also different. Over the first three repetitions, EMG increased
across sets, whereas in the last three repetitions it did not. EMG was also different between conditions and was
generally greater during 70/0. Repetitions decreased across sets reaching the lowest for 70/0, and for very low loads
decreased with increased pressure. In trained participants exercising to failure, lower load and the application of
restriction pressure augment changes in muscle thickness and torque. The EMG amplitude was augmented by load.
Training studies should compare these conditions, as the results herein suggest some muscular adaptations may
differ.
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Introduction

The traditional recommendation to increase muscle mass and function is moderate- or
high-load [i.e., 60%–80% one-repetition maximum (1RM)] resistance training (1). In
addition, resistance training loads as low as 30% 1RM can elicit similar increases in muscle
mass and function as high loads as long as they are taken to volitional failure (25). Thus, those
who would like to avoid high mechanical loads may opt to train with relatively low loads
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without compromising muscular adaptation. In case of an injury or illness, however,
individuals may be limited to exercise with extremely low loads only (i.e., <20 – 30%
1RM). When comparing two training programs, i.e., one with an extremely low load of
15.5% 1RM and the other with a high load of 70% 1RM, Holm et al. (16) found that 15.5%
1RM was less effective for increasing muscle size and strength. This study was limited by the
fact that the low-load condition was work matched to the high-load condition and thus likely
did not exercise to failure. However, it remains unknown whether 15% 1RM is capable of
inducing volitional failure and, if it does, whether it can stimulate an acute muscular response
indicative of a hypertrophic stimulus similar to that of high-load training.

Some evidence suggests that there may be a point in which the relative load being lifted
may generate an intramuscular pressure too low to induce failure (17). Applying blood flow
restriction during exercise with a very low load could augment the hemodynamics within the
muscle, either enabling or expediting the ability to reach volitional failure by interrupting blood
flow into and out of the limb (13). Therefore, the purpose of this study was to determine
whether using a very low load for resistance exercise could induce volitional failure and to
compare the acute muscular response [exercise induced changes in muscle thickness, maximal
voluntary contraction (MVC), and surface electromyography (EMG) amplitude] between high-
load and very low-load resistance exercise in the lower body. As these acute measures have
been previously associated with the hypertrophic response to training (34), the results would
give some insight into the expected adaptations to a training program using these protocols. In
addition, we sought to determine whether the application of blood flow restriction would
augment this response. Since some evidence suggests that, at lower loads, a greater relative
restriction pressure may be needed (22), we also compared the addition of moderate and high
pressures. We hypothesized that the acute muscular response with very low-load exercise
would be augmented by increasing the restriction pressure and that this would produce a change
similar to that of high-load resistance exercise.

Materials and Methods

Participants
Twelve males and 11 females volunteered to participate in this study. All were between the
ages of 18 and 35 years and had been resistance training at least twice per week for the
previous 6 months. Participants were excluded from participation if they regularly used
tobacco within the previous 6 months, had a body mass index≥30 kg/m2, an orthopedic
injury preventing exercise, or took medication for hypertension. Participants were also
excluded if they self-reported meeting at least two of the following risk factors for
thromboembolism: taking birth control pills; diagnosed with Crohn’s disease; past fracture
of the hip, pelvis, or femur; major surgery within the past 6 months; varicose veins; family or
personal history of deep vein thrombosis; and family or personal history of pulmonary
embolism (26). All procedures performed were approved by the university institutional
review board. Informed consent was obtained from all participants in the study after being
informed of risks, measurements, and the purpose of the study.

Experimental design
This protocol was designed to compare the acute muscular response, as measured by changes
in muscle thickness, MVC, and EMG, to resistance exercise under four different conditions
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[labeled as % 1RM/% arterial occlusion pressure (AOP)]: traditional high load (70/0), very
low load (15/0), and very low load with moderate (15/40) and high (15/80) blood flow
restriction pressures. This was part of a larger experiment involving the upper and lower
body. To assess the response in the lower body, participants made three visits to the
laboratory at approximately the same time of day (±2 h), each separated by at least 1 week.
Visit 1 began by assessing exclusionary criteria and completing the informed consent
followed by measurements of height, body mass, AOP, and 1RM. Participants were then
familiarized with testing of MVC and blood flow restriction exercise (1 set of 15 knee
extensions in each leg using 15% 1RM and 40% AOP). The four experimental conditions
were applied unilaterally over the second and third testing visits (two each day) to minimize
any lasting effect of exercise on the same leg. For the testing visits, participants performed
unilateral knee extension exercise to volitional failure with two of the four conditions
(randomized and counterbalanced), completing one condition per leg; the following two
conditions were tested on the last visit in the same manner. Testing visits began with 10 min
of rest, followed by measurements of AOP (participant seated on the knee-extension
machine), muscle thickness, and MVC (baseline measurements coded as Pre). Participants
then completed the exercise protocol during which EMG amplitude was collected.
Following the cessation of exercise, muscle thickness and MVC were reassessed immedi-
ately after (Post-0) and 15 min after (Post-15). Following the Post-15 time point, the same
testing protocol, starting with AOP, commenced on the contralateral leg using the next
condition.

Height and body mass
Height and body mass were measured using a stadiometer (Seca, Hamburg, Germany) and
digital scale (Seca), respectively. Measurements were taken with participants wearing
minimal clothing.

Arterial occlusion pressure (AOP)
While participants were seated in a knee-extension machine, a 10-cm-wide nylon cuff
(SC10 Hokanson, Bellevue, WA, USA) was placed on the most proximal portion of the
upper leg. A 10-cm-wide cuff was used to ensure that we were able to completely restrict
blood flow before reaching a cuff inflation pressure of 300 mmHg (equipment limitation).
This was based on previous research that shows a larger limb will need a greater pressure to
occlude blood flow (23), but using a wider cuff decreases the pressure needed (18). Once a
pulse was found at the posterior tibialis artery (close to the medial malleolus) using a
Doppler probe (MD6 Hokanson, Bellevue, WA, USA), the cuff was slowly inflated (E20
Rapid Cuff Inflator Hokanson, Bellevue, WA, USA). The cuff pressure was increased until
there was no longer an auditory indication that a pulse distal to the cuff was present. The
cuff inflation pressure (to the nearest mmHg) at which this occurred was determined to be
the AOP.

One-repetition maximum (1RM)
Testing for 1RM in each leg was conducted in a unilateral knee-extension machine
(Hammer Strength Iso-Lateral Leg Extension Life Fitness, Rosemont, IL, USA). Prior to
testing, an unloaded warm up was conducted by instructing the participant to complete as
many repetitions as they felt necessary to prepare for maximal effort. The test itself
required participants to perform one repetition of the knee-extension exercise through a
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full range of motion, with arms crossed over the chest (to standardize posture), using one
leg at a time. To minimize subjectivity, the success of each attempt was determined by the
participant’s ability to lift the weight high enough to reach and touch a bar placed at the
end of the full range of motion. Attempts for each leg were alternated and separated by at
least 45 s (90 s between the same legs). The first attempt was completed with a weight
assumed to be approximately 30% of maximum; thereafter, weight was added after each
successful attempt, and weight was removed following any unsuccessful attempt. The
amount of weight added or removed was determined by the investigators and based upon
the speed and effort of the previous attempt. This process was continued until the greatest
load the participant could successfully lift was found. This load was determined as the
1RM and was found within approximately five maximal attempts.

Muscle thickness
Muscle thickness was measured on the anterior portion of the mid thigh (50% distance
from the greater trochanter to the lateral epicondyle of the femur), while the participant
was standing with feet shoulder width apart and weight evenly balanced. Measurements
were taken using B-mode ultrasound (Logiq-e GE, Fairfield, CT, USA). A probe (L4-12t,
GE, Fairfield, CT, USA) was coated with transmission gel and placed against the skin in a
medial–lateral orientation with care taken not to depress the dermal surface. Once an
image was obtained, it was frozen on-screen and the distance from the bone–
muscle interface to the muscle–fat interface was recorded. A second image was taken
following the same procedure and an average of the two measures was determined to be
muscle thickness. If two measures were greater than 0.1 cm apart, a third image was
taken and the average of the two closest measures was used. Muscle thickness was
measured prior to MVC at Pre and Post-15, but was taken after MVC at Post-0 to reduce
the time allowed for torque to recover. The coefficient of variation in muscle thickness
over a similar time period, calculated from previous data in our laboratory, is 1.7%
(n = 40).

Maximal voluntary contractions (MVC)
MVC was assessed isometrically using a dynamometer (Biodex Quickset System 4,
Shirley, NY, USA). Participants were securely fastened upright in a chair, lateral
epicondyle in line with the dynamometer axis of rotation, hip and knee at 90° flexion.
With their arms crossed over their chest, participants were instructed to kick out as
forcefully as possible for approximately 3–8 s and were instructed to relax when a clear
visual plateau or decline in torque production was observed. Peak torque was recorded for
each attempt. Two attempts (separated by 60 s of rest) were completed at Pre- and Post-15.
However, only one attempt was completed at Post-0. This was done to better capture the
effect of exercise-induced fatigue on torque production, because observing the rest period
prior to the second attempt would have allowed for muscle recovery. Therefore,
interpreting a second attempt following 60 s of rest would not make sense at that
time point. Participants were provided with strong verbal encouragement and real-time
visual feedback of the torque being produced during all attempts. The peak torque reached
at each time point was recorded and used for analysis. The coefficient of variation in
torque over a similar time period, calculated from previous data in our laboratory, is 4.5%
(n = 40).
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Exercise protocol
With arms crossed over their chest and a lap belt pulled securely over their waist,
participants completed four sets of unilateral knee extensions (Hammer Strength
Iso-Lateral Leg Extension Life Fitness) until volitional failure or 90 repetitions (whichever
occurred first). Volitional failure was determined if a participant could no longer maintain
proper exercise cadence (1-s eccentric and 1-s concentric) with a metronome or complete a
full range of motion. To reach a full range of motion, the participants were required to lift
the load from a starting position (approximately 90° knee flexion) to a fixed bar at
approximately 180° knee flexion. For conditions using 15% 1RM, there was an interset
rest period of 30 s, whereas 90 s separated sets for the 70% 1RM condition.

Blood flow restriction
During blood flow restriction conditions (15/40 and 15/80), a 10-cm-wide nylon cuff (SC10
Hokanson) was applied to the most proximal portion of the exercise leg and inflated to the
required percentage (40% or 80%) of pre-exercise AOP. The cuff was inflated just before
exercise and remained inflated until the cessation of the last set, at which point it was deflated
and removed.

Surface EMG amplitude
EMG was collected by placing bipolar electrodes (Skintact, Innsbruck, Austria) over the
rectus femoris and vastus lateralis muscles according to surface EMG for a non-invasive
assessment of muscles guidelines (15). In short, electrodes were placed on the rectus
femoris halfway between the anterior suprailiac spine and the superior aspect of the patella
along the line of measurement. Electrodes for the vastus lateralis were placed two thirds
the distance from the anterior suprailiac spine to the lateral condyle of the femur oriented
in the direction of pull. A reference electrode was placed on the C7 vertebrae. All
electrodes were placed with an interelectrode distance of 2 cm only after shaving,
abrading, and cleaning the placement area of the skin with alcohol. The surface electrodes
were connected to an amplifier and digitized (iWorkx, Dover, NH, USA). The signal was
filtered using a band-pass technique (low-pass filter 500 Hz; high-pass filter 10 Hz), and
amplified (1,000×) at a sampling rate of 1 kHz. The data were analyzed using commer-
cially available software (iWorkx). EMG amplitude (root mean square) was recorded
during MVC prior to exercise and during all exercise sets. Amplitude during the first three
and last three repetitions of each set was normalized to the corresponding MVC for each
visit. This was done by expressing the EMG amplitude during exercise as a percentage of
the greatest 1-s epoch for EMG measured during isometric MVC. The relative values were
used for statistical analyses (4).

Statistical analysis
All data were analyzed using SPSS 24.0 (IBM, Chicago, IL, USA). One-way repeated
measures analysis of variance (ANOVA) was used to compare the changes in muscle
thickness and MVC between conditions. To test for an interaction effect on EMG amplitude
for the first three and last three repetitions of each set, as well as the number of repetitions
completed per set, a 4 (Condition) × 4 (Time) repeated measures ANOVA was used. In case
of a significant interaction, one-way ANOVAs were used across conditions and across time
points to determine the differences. An α level was set at 0.05. Data are represented as mean
(SD) unless otherwise stated.

184 Jessee et al.

Physiology International (Acta Physiologica Hungarica) 106, 2019



Results

Participant’s characteristics
On average, participants were 22 (2.7) years old, height of 174.5 (10.2) cm, and a body mass of
75.7 (17.3) kg. The average 1RM of the left and right leg was 36.1 (11.3) and 37.4 (11.3) kg,
respectively.

Arterial occlusion pressure (AOP)
Despite using a 10-cm-wide cuff, there was one instance (prior to a 15/80 condition) in which
AOP was not reached within 300 mmHg; thus, 240 mmHg was applied during exercise.
Mean pressure applied during blood flow restriction was 80 (15) mmHg during 15/40 and 159
(29) mmHg during 15/80.

Muscle thickness
All conditions increased muscle thickness from Pre to Post-0 (Fig. 1). The change for 70/0
was lower compared to 15/40 and 15/80 with a mean difference [95% CI] of −0.24 [−0.42,
−0.06] and −0.15 [−0.30, −0.01] cm, respectively. The decrease in muscle thickness from
Post-0 to Post-15 did not differ between conditions. However, muscle thickness at Post-15
remained elevated over Pre with a lower change for 70/0 compared to 15/40 [mean difference
(95% CI): −0.26 (−0.43, −0.10) cm] and 15/80 [mean difference (95% CI): −0.20 (−0.34,
−0.07) cm]. All changes are portrayed in Fig. 1.

Maximal voluntary contractions (MVC)
Torque decreased from Pre to Post-0 for all conditions (Fig. 2). The smallest change was
observed following 70/0 [mean difference (95% CI): vs. 15/0= 50.0 (24.7, 75.3) vs.

Fig. 1.Muscle thickness. Muscle thickness measures taken immediately before (Pre), immediately after (Post-0), and
15 min after (Post-15) exercise. Data presented as changes between time points (95% CI). An asterisk indicates a
statistically significant change. Letters indicate differences between conditions within each time comparison. If two

conditions share at least one letter, there are no differences. α level= 0.05
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15/40= 78.5 (47.5, 109.6) vs. 15/80= 85.2 (55.4, 115.1) Nm]. In addition, 15/0 changes were
smaller than 15/40 [mean difference (95% CI): 28.5 (0.6, 56.4)] and 15/80 [mean difference
(95%CI): 35.2 (11.0, 59.4)]. Torque increased from Post-0 to Post-15. Changes were lowest for
70/0 [mean difference (95% CI): vs. 15/0=−29.1 (−53.8, −4.4) vs. 15/40=−52.1 (−84.8,
−19.4) vs. 15/80=−93.0 (−126.0, −59.9) Nm] and greatest for 15/80 [mean difference (95%
CI): vs. 15/0= 63.8 (40.4, 87.2) vs. 15/40= 40.8 (20.8, 60.8) Nm]. Post-15 torque remained
below Pre values for 15/0, 15/40, and 70/0, while 15/80 did not differ. All changes in torque are
portrayed in Fig. 2.

Surface EMG amplitude
Due to equipment malfunctions, only 20 individuals were included in EMG analyses.
Regarding relative EMG amplitude of the rectus femoris during the first three repetitions,
there was an interaction effect of condition and time (p < 0.001; Table I). The EMG
amplitude generally increased across sets for all conditions: [effect of time for 15/0, 15/40,
and 15/80 (p < 0.001)] with the exception of 70/0 (p = 0.833). The EMG amplitude was
also different between conditions for each set (p ≤ 0.005). In addition, 70/0 was greater than
all other conditions during Set 1 (p < 0.001), Set 2 (p ≤ 0.001), and Set 3 (p ≤ 0.017), which
were not different from one another (all p ≥ 0.116). In contrast, there was no interaction
effect on EMG amplitude during the last 3 repetitions for the rectus femoris (p = 0.069).
There was also no main effect of time (p = 0.232); however, there was a main effect of
condition (p = 0.043). Comparisons revealed a lower EMG amplitude during 15/80
compared to 15/0 (p = 0.048) and 70/0 (p = 0.015); all other comparisons were not different
from each other (all p ≥ 0.265).

Fig. 2. Maximal voluntary contraction. Measures of maximal voluntary contraction taken immediately before (Pre),
immediately after (Post-0), and 15 min after (Post-15) exercise. Data presented as changes between time points (95%
CI). An asterisk indicates a statistically significant change. Letters indicate differences between conditions within

each time comparison. If two conditions share at least one letter, there are no differences. α level= 0.05
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Regarding relative EMG amplitude of the vastus lateralis for the first three repetitions,
there was an interaction effect of condition and time (p< 0.001; Table II). The EMG amplitude
of the vastus lateralis generally increased with successive sets: [effect of time for 15/0, 15/40,
and 15/80 (all p< 0.001)] except for 70/0 (p= 0.781). The EMG over the first three repetitions
was different across conditions for Set 1 (p< 0.001), Set 2 (p= 0.004), Set 3 (p= 0.009), and
Set 4 (p= 0.012). Also, 70/0 was generally greater than all other conditions. In contrast, there
was no interaction effect on EMG amplitude during the last three repetitions for the vastus
lateralis (p= 0.231). There was a main effect of time (p= 0.007) and condition (p= .025). The
EMG amplitude was lowest during Set 1 compared to all other sets (p≤ 0.034) and did not
differ across other sets (all p≥ 0.391). A main effect of condition revealed that EMG amplitude
during 70/0 was greater than all other conditions (all p≤ 0.046).

Repetitions
There was a significant interaction effect between condition and time on repetitions
(p< 0.001; Table III). Repetitions decreased across sets for 15/0 (p< 0.001), 15/40
(p< 0.001), 15/80 (p< 0.001), and 70/0 (p< 0.001). There was a difference between
conditions within Sets 1–4 (all p< 0.001). Within Set 1, all conditions were different from
one another [15/0> 15/40> 15/80> 70/0 (all p≤ 0.006)]. Within Sets 2–4, all conditions
were different (all p< 0.001) except for 15/80 and 70/0 when compared to each other
(p≥ 0.368).

Table I. Electromyography amplitude of rectus femoris (% MVC)

Condition Set 1 Set 2 Set 3 Set 4 Time

First three repetitions

15/0 32.1 (11.9)a 45.5 (18.7)a 53.0 (19.4)a 55.9 (19.4)ab 1 vs. 2, 3, 4; 2 vs.
3, 4; 3 vs. 4

15/40 30.8 (13.3)a 46.7 (18.3)a 53.1 (22.9)a 55.5 (24.2)ab 1 vs. 2, 3, 4; 2 vs.
3, 4

15/80 30.5 (11.6)a 45.5 (18.6)a 47.0 (17.9)a 47.3 (18.3)a 1 vs. 2, 3, 4

70/0 70.9 (26.7)b 68.7 (23.2)b 69.5 (25.1)b 68.8 (27.1)b

Last three repetitions

15/0a 66.1 (32.6) 72.0 (31.0) 77.5 (28.2) 81.1 (30.1)

15/40ab 69.8 (32.4) 79.3 (45.6) 75.5 (42.7) 78.8 (39.8)

15/80b 60.5 (36.6) 58.0 (26.6) 58.4 (25.0) 57.6 (26.7)

70/0a 83.6 (34.9) 85.6 (36.0) 84.0 (37.1) 82.7 (39.6)

Electromyography amplitude measured during the first and last three repetitions of each set and normalized to
amplitude measured during maximal voluntary contraction (% MVC). Data are presented as mean (SD). Time
column represents differences across sets within each condition. Superscript letters next to numeric values indicate
differences between conditions within the set. Superscript letters next to condition labels indicate differences due to
main effects of condition (regardless of set). If at least one superscript letter is the same, there are no differences.
α level= 0.05
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Discussion

The major findings of the study were that increases in muscle thickness induced by exercise
were lower using high loads compared to very low loads combined with blood flow

Table II. Electromyography amplitude of vastus lateralis (% MVC)

Condition Set 1 Set 2 Set 3 Set 4 Time

First three repetitions

15/0 25.2 (8.8)a 44.3 (18.0)a 55.0 (20.9)a 58.1 (24.1)a 1 vs. 2, 3, 4; 2 vs.
3, 4

15/40 25.2 (11.9)a 50.6 (23.6)ab 54.7 (23.9)a 58.9 (25.6)a 1 vs. 2, 3, 4; 2 vs.
3, 4; 3 vs. 4

15/80 25.8 (11.6)a 52.8 (19.1)b 57.8 (21.0)a 57.4 (22.4)a 1 vs. 2, 3, 4; 2
vs. 3

70/0 87.6 (64.3)b 87.0 (56.6)c 88.2 (53.5)b 89.4 (53.2)b

Last three repetitions

15/0a 65.8 (23.6) 75.2 (25.3) 77.4 (21.0) 79.0 (22.9)

15/40a 68.5 (28.7) 74.9 (27.7) 74.9 (31.1) 76.8 (31.4)

15/80a 61.8 (24.4) 69.8 (29.6) 73.0 (30.8) 66.9 (26.1)

70/0b 105.1 (76.7) 109.1 (66.9) 106.7 (70.7) 104.7 (60.3)

Electromyography amplitude measured during the first and last three repetitions of each set and normalized to
amplitude measured during maximal voluntary contraction (% MVC). Data are presented as mean (SD). Time
column represents differences across sets within each condition. Superscript letters next to numeric values indicate
differences between conditions within the set. Superscript letters next to condition labels indicate differences due to
main effects of condition (regardless of set). Letters next to set labels indicate differences due to main effects of time
(regardless of condition). If at least one superscript letters is the same, there are no differences. α level= 0.05

Table III. Repetitions to volitional failure

Condition Set 1 Set 2 Set 3 Set 4 Time

15/0 78 (18)a 35 (20)a 21 (9)a 20 (8)a 1 vs. 2, 3, 4; 2 vs.
3, 4

15/40 69 (21)b 19 (9)b 14 (6)b 12 (4)b 1 vs. 2, 3, 4; 2 vs.
3, 4; 3 vs. 4

15/80 56 (17)c 8 (5)c 5 (3)c 4 (4)c 1 vs. 2, 3, 4; 2 vs.
4

70/0 11 (3)d 7 (2)c 6 (1)c 5 (1)c 1 vs. 2, 3, 4; 2 vs.
3, 4; 3 vs. 4

The number of repetitions required for participants to reach volitional failure during each set. Data are presented as
mean (SD). Time column represents differences across sets within each condition. Superscript letters next to numeric
values indicate differences between conditions within the set. If at least one superscript letters is the same, there are no
differences. α level= 0.05
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restriction. The decrease in torque production of the knee extensors was greater with the
lower loads and further augmented by restriction. The EMG amplitude of the first three
repetitions generally increased across sets in the low-load conditions, while staying similar
for the last three repetitions. Amplitude was also highest during the high-load condition,
despite not changing across sets. Finally, on average, individuals reached volitional failure
with 15% 1RM alone suggesting that blood flow restriction was not necessary. However, the
number of repetitions required to reach failure was decreased in a pressure-dependent
manner. Overall, the acute muscular responses previously associated with muscle hypertro-
phy may be augmented by blood flow restriction using a high load or very low load alone.

Muscle thickness
Muscle cell swelling has been proposed as one of the mechanisms through which blood flow
restriction stimulates muscle growth (19), since previous experimental protocols in hepa-
tocytes showed that greater cell swelling leads to an inhibition in protein breakdown and a
possible increase in protein synthesis (14, 30). Although previous research has supported this
concept in skeletal muscle tissue, it was shown in rodent models (27). Applying blood flow
restriction in humans, in the absence of exercise, has only been shown to attenuate muscle
mass losses over control groups (31). Thus, the stimulus of applying restriction alone may
not be enough to cause hypertrophy through cell swelling. Furthermore, while exercising,
this mechanism may not be unique to blood flow restriction exercise as both low-load and
high-load conditions without restriction increase muscle thickness post-exercise (24). The
current data suggest a fluid shift into the muscle, given the thickness was greater than
baseline immediately after and 15 min after all exercise conditions. Although this response
did not differ between very low-load and high-load exercise alone, the combination of
restriction pressure and very low loads did seem to augment the response over high loads.
Previous studies have shown that swelling may be augmented by restriction when using an
arbitrary repetition (30-15-15-15 repetitions) protocol (6). While the response during a goal
repetition protocol may be due to differential levels of fatigue, participants in this study
exercised until volitional failure. In contrast to our findings, others have found that, when
exercise is taken to failure, the acute change in muscle thickness is similar with and without
restriction, as well as with high loads (20, 24, 33). Whether the changes we observed in the
acute response manifest into long-term differences in muscle mass is unknown; thus,
further research is warranted.

Maximal voluntary contraction (MVC)
The amount of torque produced by the knee extensors immediately following exercise gives
an idea of how fatiguing each condition was when compared to pre-exercise values. Fatigue
was greater when comparing the low-load to the high-load condition and was further
increased when applying blood flow restriction pressure. The difference in fatigue between
loads is logical, given the execution of exercise to failure. One would have to lose less of their
overall force-generating capacity to reach volitional failure when exercising with a load that
is a greater percentage of their 1RM. For example, upon reaching failure at 70% 1RM, a
participant would still have the muscular capacity to lift a load of 15% 1RM. Thus, when
being asked to maximally contract after a high-load condition, as they were in this study, the
participant failing at 70% 1RM would have the capacity to produce a greater overall level of
torque immediately after failure than if asked to maximally contract after 15% 1RM to failure.
The augmenting of fatigue by greater blood flow restriction pressures has been shown
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previously during very low-load exercise in the upper body. However, this was during an
arbitrary repetition protocol in which most people completed all repetitions (6). When going
to volitional failure with the same relative high load (28), previous researchers have found
that blood flow restriction does not appear to augment the increase in fatigue, but there is
some evidence that it may (20) or may not (4) be augmented by increasing pressure when
exercising with lower loads. It should be noted that both Counts et al. (4) and Jessee et al. (20)
used the same common repetition protocol as Dankel et al. (6), but with 30% 1RM, which
induced failure within all pressure conditions prior to reaching all goal repetitions. Increasing
blood flow restriction pressure causes a greater accumulation of metabolic by-products and
acidity level within the exercising/restricted limb (32), both of which may interfere with
contractile properties of the muscle, thus augmenting fatigue (21). However, this effect may
not last post-cuff deflation, as the immediate change in torque due to exercise (Pre–Post-0)
did not differ between high- and moderate-pressure blood flow restriction exercises. The
changes in torque from Pre to Post-15 were greater with very low load alone and very low
load with lower restriction compared to higher restriction pressure and high-load conditions.
This could potentially be due to the greater number of repetitions performed in the 15/0 and
15/40 conditions and indicates that the muscle may have been stressed to a greater degree
than in the 15/80 and 70/0 conditions. Whether this difference between conditions is also
observed in the days following exercise is unknown.

Surface electromyography amplitude
The activation and subsequent mechanical tension placed on muscle fibers seem to activate
protein synthesis within the cell through the mechanistic target of rapamycin complex 1
pathway (8). This appears to be the same mechanism through which blood flow restriction
exercise induces muscle adaptation (12). Thus, the effectiveness of an exercise protocol
seems to be dependent upon its ability to adequately stimulate as many muscle fibers as
possible. Surface EMG amplitude may give some idea on the overall level of muscle
activation; however, it should be interpreted cautiously as it is not a direct measurement of
motor unit activation (9); thus, we cannot say which units are being activated and when. The
difference in EMG amplitude between the high- and low-load conditions in this study would
most likely be explained by the difference in the level of contraction needed to overcome the
greater relative percentage of maximum muscle strength at high load. This could lead one to
believe that the growth stimulus from high load would be greater, which may be true if all
conditions did not go to failure (3, 7, 10, 25). When exercising to failure with a low load
(i.e., 15% 1RM), any given contractions need not be as forceful as with a high load (i.e., 70%
1RM) because less external resistance needs to be overcome; thus less motor units, overall,
would need to be activated at one time, thereby generating a smaller EMG signal for a
contraction during low-load exercise compared to high-load exercise. However, this does not
mean higher threshold motor units are not recruited by low-load exercise. At the beginning of
the low-load exercise, only low threshold motor units may be recruited, but when the exercise
is taken to failure and lower threshold motor units begin to fatigue, they may not generate the
force capacity necessary to sustain the contraction and higher threshold motor units would
need to be recruited (2, 29). This concept illustrates how low-load exercise to failure would
recruit and stimulate a similar amount of muscle fibers to grow as compared to high-load
exercise. The difference, however, would be the timing of activation of fibers between the
two loading paradigms: most fibers recruited all at once in a high-load model versus a
progressive recruitment of higher threshold fibers as lower threshold fibers fatigue during
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low-load exercise taken to volitional failure. When not taken to failure, previous studies have
shown a greater EMG amplitude when applying blood flow restriction to a goal repetition
protocol (11). However, this may be a difference in the level of fatigue induced versus a
unique ability of restriction to augment EMG amplitude, whereby the non-restricted
condition would need more time to reach fatigue and stimulate higher threshold fibers
because the restriction of blood flow expedites fatigue (10, 13). This is supported by the lack
of an increase in EMG amplitude when blood flow restriction is applied to a high-load
condition (5).

Repetitions
The results observed for repetitions support those of torque and EMG amplitude. For
example, the muscle would need to lose less capacity overall to fail at a high load, which
was observed to result in the lowest number of repetitions followed by all low-load
conditions. When comparing low-load conditions, the repetitions were decreased with an
increase in pressure, which we think was due to an increasing buildup of metabolites and
acidity within the exercising limb.

Limitations
The study contains limitations and could be improved upon in future studies. For example,
the ultrasound muscle thickness measurement does not directly measure the fluid inside the
muscle cells; therefore, we cannot be certain that the increase in muscle thickness following
exercise was caused by fluid entering the cell versus fluid accumulating in the extracellular
space. Due to the study design and equipment setup, participants had to move from the knee-
extension machine to the dynamometer to perform an MVC immediately post-exercise;
although this procedure was performed quickly (approximately 30 s), there could have been
some recovery within the muscle causing us to not capture the true fatigue response.
Furthermore, since we used surface EMG, we cannot infer motor unit recruitment from
our data as we did not measure it specifically. However, we believe we were careful in our
interpretation of EMG and did not overstate our findings. Finally, we are only assessing some
of the acute muscular responses to these exercise protocols, not all, to make some inferences
about expected training responses. To confirm, training studies comparing these conditions
would be necessary.

Conclusions

Changes in muscle thickness, fatigue, EMG amplitude, and repetitions to failure differed
across load and pressures. Since the difference in EMG amplitude is likely due to differences
in the timing of motor unit recruitment between protocols, rather than a difference in the
number of fibers recruited, it seems as though exercising to failure with very low loads may
induce a similar or greater muscular response in comparison to high-load training. Applying
blood flow restriction, however, reduced the amount of work required to reach volitional
failure in a pressure-dependent manner. These findings may be important clinically in terms
of limited ability or in healthy populations when wanting to avoid large amounts of
mechanical work/stress, but long-term training studies should be conducted to confirm this
hypothesis.
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