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Abstract

Blood flow restriction (BFR) is beneficial in various settings;
however, the neuromuscular activation during low-speed tasks is
poorly understood.

Objective: This study investigated the effect of BFR on the
electromyography (EMG) timing of six lower extremities (LE)
musculature during a resisted sled pushing activity at two different
walking speeds, 80 bpm and 140 bpm at the beginning (acceleration)
of the walking tasks.

Methods: This study recruited 32 healthy individuals, an
average of 23.8 years old (£1.42 SD). The study utilized surface
electromyography on the dominant lower extremity (LE) of subjects,
focusing on the tibialis anterior (TA), gastrocnemius (GA), vastus
medialis (VM), biceps femoris (BF), gluteus maximus (GMax), and
gluteus medius (GMed). Participants pushed a resistive sled for 40
feet across three trials at 80 and 140 beats per minute. Researchers
repeated all trials after applying BFR at 80% limb occlusion pressure.
The analysis focused on the time to peak, decay, and interpeak of the
first three muscle activations in each trial.

Statistical Analysis: A 2x6 (BFR group and muscle) repeated
measures multivariate analysis of variance (MANOVA) tested for
significant interactions and main effects during each speed and BFR
condition. The time to peak, decay, and interpeak EMG values are
presented for each muscle pairing.

Results: Statistical analysis of the MANOVA revealed significant
decay at 80 bpm with GMax regarding BFR (p=.018). Also, the nter
peak of the at140 bpm (p=.013) for the biceps femoris.

Conclusion: At 80 bpm, BFR affected the GMax regarding EMG
decay. At 140 bpm, BFR significantly affected the biceps femoris,
with increased interpeak values due to BFR. Rehabilitation specialists
can use these findings to accurately target GMax and biceps femoris

activation patterns with BFR use, most notably using shorter training
intervals to reduce fatigue.

Keywords: Electromyography, Blood Flow Restriction, Sled
Pushing, Timing

Liteature Review/ Background

Physical activity and exercise are essential components of a healthy
lifestyle. As the United States population ages, activity participation
becomes more important. Increased exercise participation can help
combat the recent increase in heart disease and diabetes-related
illness [1]. Physical activity has improved cardiovascular fitness,
muscle tone, and emotional outlook as more jobs become sedentary
and remote.

Exercise training can be divided into lower-level and higher-level
impacts. Low-level types of exercise can include aerobic and low-
level circuit training, and (https://aptageriatrics.org)—higher-level
types of exercise include HIIT, plyometrics, and CrossFit. In some
populations, such as people with mobility dysfunction, the ability to
perform higher-level exercises can be restricted; thus, a lower-level
training option is warranted. An alternative to heavy-load exercises
is to add low load with blood flow restriction (BFR). For instance,
Fatela et al. [2] incorporate light resistance training in 20% of
the subjects, with a maximum of one repetition of unilateral knee
extension. Researchers f ound that although training was at a lower
load, subjects could increase their muscle activity through BFR
training.

Electromyography (EMG) has been studied during resistive
exercises, such as pushing components as illustrated by Rosario and
Mathis., [3]. With EMG, surface sensors capture minute electrical
activity produced during voluntary muscle contraction. For our
study, EMG will be used to analyze the timing of muscle contractions
during a functional activity. Since multiple muscle contractions of
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the same muscle are necessary during repeated activity, such as
walking, the timing aspect of each contraction and the intensity of
subsequent contractions will be studied. Rosario et al. [4] found
that while walking while pushing a sled, more proximal LE muscle
activation was evident, and more trunk muscle activation when the
activity was elevated to running and pushing the sled. Similarly,
Rosario et al. [5] demonstrated that using a resistance sled at different
speeds increases the distal lower extremity (LE) recruitment as the
task speed increases.

Regarding gait, the timing of muscle activation depends on the speed
of the activity; for distal musculatures such as the gastrocnemius,
the force-length and force-velocity of the muscle decrease as speed
increases, favoring a cumulative activation throughout the lower
extremity [6]. Similar to the above study, Alcaraz et al. [7] in their
systematic review, found improved sprint performance through a
resistive sled, most notably during the acceleration phase.

In recent years, BFR training has gained considerable popularity as
a treatment method. Blood flow resistance training uses a pneumatic
tourniquet system applied to the upper thigh to block the femoral
artery and restrict blood supply to the lower leg. The muscle adapts
to the lack of oxygen by changing skeletal muscle activation from
slow oxidative fibers to fast oxidative—glycolytic fibers, similar to
the effects seen in high-intensity exercise [8]. One advantage of BFR
training is its ability to boost muscle strength and activation in a
shorter period through neuromuscular changes, while longer-range
training programs can increase muscle strength through hypertrophy
and cross-sectional area increases.

The XPO trainer, produced by Armored Fitness Equipment, LLC in
Plano, TX, is a weight sled designed for push-pull exercises that offers
steady resistance during walking or running. The sled trainer offers
a dependable resistance that adjusts to various movement speeds.
Rosario et al. [5] examined the effects of pushing the sled at speeds
chosen by the participants and found altered lower extremity muscle
activation, mainly in the gastrocnemius. Mathis et al. [9] compared
the muscle amplitude of the LE while comparing walking to running
while pushing the XPO Trainer. The study revealed that pushing the
sled resulted in more significant activation of the quadriceps than
the hamstring, gastrocnemius, and tibialis anterior. Garcia et al. [10],
researchers discovered that participants showed greater activation of
the gastrocnemius and vastus medialis muscles when they walked at
a faster pace and pushed the sled.

The acceleration aspect of the EMG activity will be the focus of
this study regarding the timing of muscle activation during functional
activity. In order to accurately capture adaptations in muscle
activation related to acceleration, parameters we will explore include
the time to the first peak, decay of the signal, and interpeak pulse.
Rosario et al. [4] examined the timing aspects of thoracolumbar and
LE activation levels at two different speeds of sled pushing. The
authors found that the proximal gluteal muscles were more active
at the walking pushing speed, while the thoracic muscles were more
active at the running speed.

As suggested by Rosario et al. and Garcia et al. (2025), it is
imperative to identify how the timing of LE muscle activation
responds to BFR while pushing a sled. These findings can help
elucidate exercise principles in rehabilitation and exercise science.
To maximize BFR's low-level intensity training benefits, patients
unable to perform high-level exercises would benefit from learning
to adjust training principles using BFR when performing a sled-
pushing walking activity.

Our study will attempt to analyze the timing pattern of six LE
musculature EMG firing patterns during a resisted walking activity

at two different prescribed speeds. Based on the work of Rosario et
al. [5], we hypothesize that as the speed of walking increases, a faster
peak recruitment of proximal to distal muscles pattern will occur
in the acceleration portion of the walkway. Consequently, these
proximal muscles will display a faster onset and time-to-peak
characteristic. Therefore, we aim to highlight the effects of different
walking speeds and BFR on this EMG timing pattern during the
acceleration component in healthy young adults.

Methods

Thirty-two individuals participated in the study from the local
Institute of Health Sciences. Participants had to be between 18 and 45
years old, capable of walking and pushing a sled, and able to follow
commands and maintain the required tempo. The exclusion criteria
encompassed standard contraindications for BFR, such as a history of
vascular or clotting disorders, recent muscle injuries, skin problems,
sickle cell disease, peripheral nerve damage, and any painful lower
extremity conditions.

While the subject was unaware, researchers delivered a swift
backward force to the subject's torso to ascertain which leg was
dominant. The leg that was used for the stepping strategy was
identified as the dominant leg [11]. To prepare for the trials, the
researchers cleaned the area on the subject's skin with an alcohol
wipe where they planned to attach electrodes, weighed them,
measured their height, checked their blood pressure, and noted the
circumference of their proximal thigh.

After placement of the appropriate EMG electrodes, Participants
executed three repetitions of walking 40 feet while pushing the
XP sled at 140 beats per minute (BPM), then continued with three
repetitions at 80 BPM. A metronome helped the subject maintain the
rhythm. Researchers randomized the order for alternating subjects to
start with slow or fast repetitions. Following the first six repetitions,
the participants took a 3-minute rest break during which they
adjusted their BFR personal tourniquet pressure (PTP) using Delphi
Systems USA while lying down. During the BFR trials, the subjects
experienced an 80% occlusion pressure for their BFR pressure, as
noted by Abbas [12]. After applying pressure, the subjects repeated
the same six trials, now including BFR.

Data Analysis

All EMG data analyses were performed using Delsys EMGWorks
Analysis v4.8.0 software (Delsys Inc., USA). In this study, we
utilized the raw EMG files from previously gathered data at 1,000Hz
for TA, GA, VM, BF, GMax, and GMed, as previously published
by Rosario et al., 2022. Upon analysis, raw data was normalized to
compare pre and post-BFR.

Researchers identified and analyzed each trial's first three peak
activations to determine the acceleration of each subject's contraction
with and without BFR. In the study, the variables analyzed were
the time to onset (onset) of each of these contractions, as well as
maximal peak activation (TP) of muscle activation, decay or end
point of muscle activation. Since each trial was performed three
times, an average was taken for each condition. Researchers used
SPSS 28.0.1.0 (IBM SPSS Statistics) for the above calculations with
a p-value of 0.05 using a MANOVA for all variables of interest.

Results
Subject demographics with standard deviations were as follows:

the average age of the 32 subjects was 23.8 (£1.42 SD) years old, 17
female and 15 male, 155 pounds (+29.89 SD), and 66 inches (£3.61
SD) in height.

Statistical analysis of the MANOVA revealed that decay at 80 bpm
for the GMax and inter peak for BFR was at 140 bpm (p=.013) for the
biceps femoris was also significant at 80 bpm (p=.045).
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Tibialis No BFR With BFR p-value
Anterior Means and SD Means and SD
Time to Peak 1.1781 41568 1.1982 .37695 .851
Decay 4183 13981 4186 .12250 .993
Interpeak 2.0072 38951 2.0457 .30885 .683
Gastroc Means and SD Means and SD p-value
Time to Peak 1.1260 39366 1.2865 37473 128
Decay .3287 14202 3256 13137 932
Duration .8353 21530 .8844 20109 382
Interpeak 2.1356 20649 2.2453 .58834 356
BPM= beats per minute; BFR= blood flow restriction; SD= standard deviation
Table 1a: Comparisons of EMG timing (seconds) for TA and GA among tasks.
Results of a MANOVA were performed comparing 80 bpm resisted walking
Qvithout BFR to with BFR with significance level was set at p=0.05. j
k Figure 1 )
Vastus No BFR With BFR p-value
Medialis Means and SD Means and SD
Time to Peak 7019 24397 71197 23519 784
Decay .5468 17315 .6033 .17483 229
Interpeak 2.1286 .22055 2.1539 .08841 575
Biceps Means and SD Means and SD p-value
Femoris
Time to Peak 1.0149 25766 1.0472 33277 459
Decay 5177 18664 5277 1877 724
Interpeak 2.0074 29135 2.0754 .84557 .689
BPM= beats per minute; BFR= blood flow restriction; SD= standard
deviation
Table 1b: Comparisons of EMG timing (seconds) for VM and BF among tasks.
Results of a MANOVA were performed comparing 80 bpm resisted walking with
Qnd without BFR with significance level was set at p=0.05. -
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Gluteus Maximus No BFR With BFR Means | p-value
Means and SD and SD
Time to Peak .7806 22481 .8266 .17844 442
Decay 4660 .16901 5227 18777 .018*
Interpeak 1.9721 43605 2.0765 29713 927
Gluteus Medius Means and SD Means and SD p-value
Time to Peak 7559 23135 .8533 21816 11
Decay .5929 14518 .5559 12358 .309
Interpeak 2.0765 29713 2.1878 70653 446
BPM= beats per minute; BFR= blood flow restriction; SD= standard deviation
Table 1c: Comparisons of EMG timing (seconds) for GMax and GMed among tasks.
Results of a MANOVA were performed comparing 80 bpm resisted walking without
\ and with BFR with significance level was set at p=0.05. )
(Tibialis Anterior No BFR With BFR p-value \
Means and SD Means and SD
Time to Peak .6542 .15590 .6815 13070 .366
Decay 3166 .10863 3253 .08316 739
Interpeak 1.3172 21726 1.3220 15602 925
Gastroc Means and SD Means and SD p-value
Time to Peak 7924 .24330 .8444 24047 425
Decay 2218 .04052 .2408 .05317 157
Interpeak 1.2969 1.3257 1.3257 .10462 259
BPM= beats per minute; BFR= blood flow restriction; SD= standard deviation

Table 2a: Comparisons of EMG timing (seconds) for TA and GA among tasks. Results of
a MANOVA were performed comparing 140 bpm resisted walking without BFR to with

k BFR with significance level was set at p=0.05. J
(Vastus Medialis No BFR With BFR p-value \
Means and SD Means and SD

Time to Peak .5402 .14255 5317 .14086 .822
Decay 3424 .07442 .3381 .01178 .826
Interpeak 1.2841 .09211 1.2612 10313 384
Biceps Femoris Means and SD Means and SD p-value
Time to Peak 7031 22134 7759 17562 179
Decay 3132 .09715 .3305 .09142 496
Interpeak 1.1232 .23281 1.2513 12185 .013%*
BPM-= beats per minute; BFR= blood flow restriction; SD= standard deviation

Table 2b: Comparisons of EMG timing (seconds) for VM and BF among tasks. Results of
a MANOVA were performed comparing 140 bpm resisted walking with and without BFR

k with significance level was set at p=0.05. j
Gluteus Maximus No BFR With BFR p-value \
Means and SD Means and SD

Time to Peak .6402 17292 .6293 15560 .840
Decay .3049 .08418 3613 .06972 .583
Interpeak 1.2807 20122 1.2596 11101 335
Gluteus Medius Means and SD Means and SD p-value
Time to Peak 5587 14147 .6102 .14636 186
Decay 3291 .08100 3371 .07915 11
Interpeak 1.2204 15869 1.2645 11255 235
BPM= beats per minute; BFR= blood flow restriction; SD= standard deviation

Table 2c: Comparisons of EMG timing (seconds) for GMax and GMed among tasks.

Results of a MANOVA were performed comparing 140 bpm resisted walking without and

k with BFR with significance level was set at p=0.05. j
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Discussion

As noted earlier, our objective for this work was to determine the
effect BFR had on resisted walking at two different speeds during
acceleration. The effects of BFR were most noted with GMax and BF
musculature, not with the distal lower leg musculature, thus partially
supporting our study hypothesis.

This research showed that out of the four data points of acceleration
studied, only decay and interpeak were significant for any condition,
leading to a proposed lack of oxygen consequence from the BFR.
Our BFR findings correlate with the shorter decay aspect of fatigue
with fast cycling [13] and wheelchair basketball played by subjects
with spinal cord injury [14]. On the other hand, the biceps femoris
interpeak activation was discovered to be significant at the 140 bpm
condition in favor of BFR. These findings suggest that with BFR,
the biceps femoris had a significantly larger interpeak distance than
the non-BFR trials, predominantly at a faster speed. An explanation
for this could be a decrease in hamstring recruitment needed at a
faster speed, possibly for the resisted late swing phases of walking.
The above results correlate with the findings of Lee et al. [15] when
analyzing subjects with knee osteoarthritis walking at faster than
self-selected speeds.

Our findings also suggest that at the slower speed of 80 bpm, the
gluteus maximus could recruit with greater activation when using
BFR. Hora et al. [16] found that a crouch posture gait activated more
gluteal and thigh musculature over more distal LE musculature. Since
the XPO Trainer Sled resistance is speed dependent, subjects may
have adapted a more flexed posture position at the slower speed of
80 bpm, engaging further the gluteal muscles and therefore needing
more time to do so at the 140 bpm condition. The above finding is
supported by the work of Sturdy et al. 2024 who found increased
gluteus maximus activation when walking flexed uphill or with a
weighted backpack.

Rosario et al. (2024) stated that with BFR analysis, lower limb
musculature has different activation patterns. Muscles proximal to
the cuff may respond differently than distal ones. Lambert et al. [17]
found that with the upper extremity, rotator cuff muscles can increase
strength, lean mass, and muscular endurance with BFR, even though
the BFR cuff is distal to the target musculature. This "upstream"
influence may differ from those distal to the cuff. Our outcomes
highlight that one upstream, gluteus maximus, and one downstream
muscle, biceps femoris, responded to the application of BFR. Similar
to our discovery, Sun and Yang [18] also found that BFR to the LE
influenced gluteus maximus activation, translating into increased
vertical jumping height in female footballers.

Another discovery ofthe recent study showed that proximal and distal
muscle activation responds to a preemptive trunk contraction. Since
the GMax is located proximally on the trunk, trunk co-contractions
may influence its activation. Since the lumbar musculature contracts
in a feedforward manner prior to extremity movements [19], the
GMax may benefit from this increased trunk activation. As noted
earlier, Rosario et al. [20] found increased GMed and GMax while
pushing the XPO sled at a walking speed, then increased thoracic
muscle activation at the running speed. McCormick et al. [21]
found increased lumbar and proximal LE muscle activation when
performing squat variations with preemptive abdominal contraction.
These findings may help clinicians understand proximal muscles'
role in trunk stability.

Regarding the distal pairing of muscles, no significance was found
between the TA and GA. Since muscle timing was the primary
variable studied, the effects of BFR might have needed more time to
reach these distal muscles, regardless of the activity speed. Valencia
et al. [22] studied lower limb timing during rearfoot and forefoot
running, finding differences in GA and TA timing delays at these
faster running speeds. Similarly, Labanca et al. 2021 found increased
TA timing activation when the activity was unplanned when studying
subjects with chronic ankle instability. These results suggest that
distal timing activations may need a faster or unplanned activity to
create proper activations.

Interestingly, the gluteus medius did not exhibit any BFR timing
effects. As the role of a lateral stabilizer, the GMed should increase
activation during all stance phases of gait. However, Bolgla et al.
[23] demonstrated that subjects with patellofemoral pain exhibited
delayed GMed timing activation during the loading response and
single limb stance of stair descending, but at a higher amplitude than
the vast musculature. Similarly, Hart et al. [24] found delayed GMed
activation when examining subjects with knee osteoarthritis using a
brace after anterior cruciate ligament surgery, as well as Semciw et
al. [25] when examining running with subjects with patellofemoral
pain.

BFR conditions stem from various physiological mechanisms
and adaptations linked to blood flow restriction. As an illustration,
lessened oxygen levels and delayed muscle contraction recovery
result in a hypoxic setting. Hypoxia can delay the recovery of muscle
fibers after contractions as metabolites accumulate, which changes
the adaptation strategy needed to reach peak muscle activation again
in repetitive pushing tasks [26]. A different mechanism pertains to
modified neuromuscular recruitment patterns resulting from blood
flow restriction. In BFR, the body can modify its strategies for
engaging motor units due to reduced blood circulation. This approach
might involve activating more slow-twitch fibers, adjusting the
timing of muscle activation to maintain effort, and modifying time
variables as the neuromuscular system adapts to limited conditions
[27].

Conclusions

The current study's contribution was to identify the neuromuscular
adaptation during BFR, especially during the acceleration part of the
sled-pushing walkway. Our study found increased gluteus maximus
activation and decay at the slower walking speed while increasing
bicep femoris interpeak distance with the addition of BFR. This
knowledge can be applied to the clinical setting with BFR training
regimes for increased gluteus maximus maximus strengthening for
patients with patellofemoral or lower back pain at a lower speed
focusing on the starting point of gait. Nevertheless, the current study
looked at one-time acute neuromuscular interaction with BFR and
muscle activation. Although BFR changes the muscle activity of said
muscle, the long-term effect needs to be examined to determine a
clear mechanism and activation pattern.

Future studies should investigate the inter-peak time to
comprehensively illustrate the impact of BFR on muscle activity
during walking and pushing. Additionally, future examinations could
focus on BFR on the non-dominant LE. Findings could further clarify
unilateral dominant LE sports such as soccer or kickball. Similarly,
pushing the sled upwards or downwards an incline using our similar
protocol could gleam light into longer-term training effects, such
as using VO2 max as a dependent variable. Another scenario worth
mentioning is incorporating the protocol into a pulling task. Similar
to walking backward, a pulling study could determine if BFR affects
LE muscle activation patterns in an antagonist recruitment pattern
and different concentric and eccentric LE activation patterns. Since
walking backward is a more novel activity, speed could affect muscle
activation patterns differently than a forward gait. Finally, continuing
the current research model into subjects with pathology is warranted.
Since this study protocol requires using all musculature from
shoulder level inferiorly, examining the effects of shoulder pain or
upper thoracic pain with the BFR to the UE or lower back, hip, knee,
and foot dysfunction with the BFR to the LE, these findings could
help clarify how subjects respond with altered muscle activations
secondary to these disorders.

Conflict of interest: The authors declare no conflict of interest.
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