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ABSTRACT

WU, C.-C., Y.-T. LIN, C.-L. HU, Y.-C. CHEN, and I.-S. HWANG. Fatigue Alleviation by Low-Level Laser Preexposure in Ischemic

Neuromuscular Electrical Stimulation. Med. Sci. Sports Exerc., Vol. 56, No. 9, pp. 1795-1804, 2024. Purpose: Despite its susceptibility to

muscle fatigue, combined neuromuscular electrical stimulation (NMES) and blood flow restriction (BFR) are effective regimens for managing

muscle atrophy when traditional resistance exercises are not feasible. This study investigated the potential of low-level laser therapy (LLLT) in

reducing muscle fatigue after the application of combined NMES and BFR.Methods: Thirty-six healthy adults were divided into control and

LLLT groups. The LLLT group received 60 J of 850-nm wavelength LLLT before a training program of combined NMES and BFR of the

nondominant extensor carpi radialis longus (ECRL). The control group followed the same protocol but received sham laser therapy. Assess-

ments included maximal voluntary contraction, ECRL mechanical properties, and isometric force tracking for wrist extension. Results: The

LLLT group exhibited a smaller normalized difference in maximal voluntary contraction decrement (−4.01 ± 4.88%) than the control group

(−23.85 ± 7.12%) (P < 0.001). The LLLT group demonstrated a smaller decrease in muscle stiffness of the ECRL compared with the control

group, characterized by the smaller normalized changes in frequency (P = 0.002), stiffness (P = 0.002), and relaxation measures (P = 0.011) of

mechanical oscillation waves. Unlike the control group, the LLLT group exhibited a smaller posttest increase in force fluctuations during force

tracking (P = 0.014), linked to the predominant recruitment of low-threshold MU (P < 0.001) without fatigue-related increases in the discharge

variability of high-thresholdMU (P > 0.05).Conclusions:LLLT preexposure reduces fatigue after combinedNMES andBFR, preserving force

generation, muscle stiffness, and force scaling. The functional benefits are achieved through fatigue-resistant activation strategies of

motor unit recruitment and rate coding. Key Words: LOW-LEVEL LASER THERAPY, NEUROMUSCULAR ELECTRICAL

STIMULATION, BLOOD FLOW RESTRICTION, MOTOR UNITS, ELECTROMYOGRAPHY
In recent years, blood flow restriction (BFR) during exer-
cise, involving the partial restriction of blood flow to
working muscles, has gained attention as an effective

muscle training approach (1,2). BFR training has various ad-
vantages, such as promoting muscle growth with light loads,
time-efficient workouts, and convenient use. BFR-inducedmus-
cle hypertrophy results from the facilitation of hypoxia-inducible
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factor 1 (3) or hormone release (4), which are associated with
enhanced metabolic stress (5) and cell swelling (6,7). Such is-
chemic preconditioning also alters muscle activation patterns,
causing increases in fast-twitch fiber recruitment (8) and the
firing rates of active motor units (MU) (9).

Neuromuscular electrical stimulation (NMES) is a valuable
tool for passive muscle training, and it is especially beneficial
for individuals who cannot actively participate in traditional
resistance training because of injury, surgery, or neuromuscu-
lar conditions (10). NMES also induces alterations in muscle
activation patterns, characterized by temporal synchrony of
MU with spatial invariance and preferential recruitment of
fast-twitch muscle fibers (11,12). The stimulation current re-
quired for the effective promotion of hypertrophy with NMES
is often confined by the patient’s pain tolerance (13). The chal-
lenge of achieving sufficient contraction levels with NMES
can be mitigated if NMES is combined with BFR. This com-
bination has been clinically applied to aid the strength recov-
ery of athletes, elderly individuals, patients with neurological
disorders, and so on (14–16). However, BFR leads to the early
development of muscle fatigue (17,18), and this fatigability is
. Unauthorized reproduction of this article is prohibited.
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multiplied when BFR and NMES are combined. In a previous
study by Head et al. (19), it was demonstrated that combining
NMES with 80% BFR resulted in a more significant acute
force decrement compared with 60% BFR, 40% BFR, and
the non-BFR protocol. In addition, the meticulous regulation
of force at submaximal contraction intensity allows for the ex-
ploration of disruptions in force steadiness underlying im-
paired recruitment strategies and discharge behaviors of MU
(20,21). The ability to precisely control force in submaximal
exercises signifies more efficient neuromuscular adaptations
after training. This is crucial for optimal movement patterns,
improved performance outcomes, and safety in daily activities
and athletic pursuits. Neuromuscular fatigue could also impact
the mechanical properties of muscles (22). This influence ex-
tends to the generation, transmission, and resistance of forces
within muscles, closely associated with impairments in muscle
activation and contractility (23).

Low-level laser therapy (LLLT) shows promise in reducing
muscle fatigue induced by the combination of BFR and NMES.
Recent studies have demonstrated that LLLT’s photobio-
energetic effects can improve performance and prevent neuro-
muscular fatigue (24,25). These effects are achieved by improving
microcirculation, increasing oxygen uptake, and stimulating
adenosine triphosphate (ATP) synthesis (26,27). LLLT can
also counteract high levels of blood lactate, reactive oxygen
species (ROS), and reactive nitrogen species that hinder the
binding of calcium ions to myofibrils (28). The application of
LLLT could expedite postcontraction recovery after tradi-
tional resistance exercise combined with ischemic precondi-
tioning (29). In consideration of the potential energizing ef-
fects, this study presents an innovative approach to minimize
muscle fatigue after combined NMES and BFR with LLLT
preexposure. If the antifatigue effect of preexposure to LLLT
is effective, then force generation capacity, mechanical prop-
erties of the stimulatedmuscle, and force precision control will
be less affected by combined NMES and BFR. Understand-
ing the antifatigue effect of LLLT can help to optimize the
strengthening effect by either increasing the occlusion pres-
sure during BFR or adjusting the training load during NMES.
The primary objective was to assess whether LLLT mitigates
muscle fatigue induced by the combined intervention of NMES
and BFR, ultimately reducing force fluctuations, maintaining
maximum strength (maximal voluntary contraction (MVC))
and muscle mechanical properties. Therefore, the following
hypotheses were provided: 1) The decline in MVC after the
combination of NMES and BFR would be smaller in the sub-
jects who received LLLT than in those who did not receive
LLLT. 2) Force scaling and MU activation strategies would
be less negatively impacted by the combination of NMES
and BFR after preexposure to LLLT. Specifically, preexposure
to LLLT was expected to reduce variations in the discharge
rate and discharge variability of MU with various recruitment
thresholds (R_th) after the combination of NMES and BFR. 3)
Finally fatigue-related changes in muscle mechanical prop-
erties would be less pronounced in individuals preexposed
to LLLT.
1796 Official Journal of the American College of Sports Medicine
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METHODS

Subjects. Thirty-six healthy young adults provided in-
formed consent before participating in this study. The experi-
ment received approval from the Institutional Review Board
of the National Cheng Kung University Hospital (No. B-ER-
111-062). Subjects refrained from vigorous activity and caf-
feine consumption for 24 h before the experiment. The partic-
ipants were randomly assigned to one of two gender-balanced
groups: control (age: 23.9 ± 2.4 yr; 9 men, 9 women; right-
hand dominance: 8 men, 9 women; left-hand dominance: 1
man; height: 167.6 ± 9.0 cm; weight: 65.4 ± 16.9 kg; body
mass index: 23.0 ± 4.1 kg·m−2) and LLLT (age: 22.6 ± 2.3 yr;
10 men, 8 women; right-hand dominance: 9 men, 8 women;
left-hand dominance: 1 man; height: 168.8 ± 8.4 cm; weight:
60.1 ± 12.5 kg; body mass index: 21.0 ± 3.1 kg·m−2).

Experimental protocol. On the day of the visit, resting
blood pressure was measured with an electric sphygmoma-
nometer (HEM-7121; OMRON Inc., Kyoto, Japan). Partici-
pants sat in a chair and relaxed for 3 min before their blood
pressure was recorded. After this, they assumed a seated posi-
tion with their nondominant elbow resting on a wooden plat-
form, slightly flexed at approximately 30 degrees, with their
wrist in a pronated position for the baseline measurement.
The timeline of the experimental procedure is presented in
Figure 1A. Both the pretest and posttest consisted of three
measurements: mechanical properties of the extensor carpi
radialis longus (ECRL), MVC of wrist extension, and trape-
zoidal force tracking. Between the pretest and the posttest, a
simulated training protocol was conducted using combined
NMES and BFR applied to the upper arm.Mechanical proper-
ties of the ECRL in the nondominant hand were measured in
the middle portion of the muscle belly in both the pretest and
posttest stages.

In both the pretest (T1 stage) and posttest (T2 stage), we
evaluated force generation capacity and force scaling ability
using the MVC and force tracking of wrist extension, respec-
tively. To determine wrist extensor MVC, peak values were
recorded with three maximum contraction trials of 3 s, with
1-min rest periods between each trial. After a 3-min rest period
after the MVC test, participants performed an isometric trape-
zoidal force-tracking task (0%–40%–0% MVC) while receiv-
ing real-time visual feedback. They were instructed to main-
tain a static target force of 40%MVC in the middle of the force
task (Fig. 1B). The contraction intensity of 40%MVC, empir-
ically determined based on our pilot study, was likely the max-
imal intensity that permitted all subjects to complete the entire
force tracking in the posttest without task failure. This task
followed a specific pattern that included a 3-s latent period, a
4-s ramp-up phase to reach 40% of MVC, a 20-v period of
maintaining the static force at 40% MVC, a 4-s ramp-down
phase to return to rest, and a final 3-s latency period at the
end. Each contraction trial lasted a total of 34 s. To focus on
the relatively stable force output, the time region of interest
(ROI) was defined as the 8th to 26th seconds of each contrac-
tion trial. This window allowed for precise analysis of the
force-tracking task. The trapezoidal protocol was designed to
http://www.acsm-msse.org
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FIGURE 1—(A) Flowchart depicting the experimental process of an NMES intervention involving ischemic and fatigue-preventing preconditioning for the
control andLLLT groups. After a 30-s BFRperiod, LLLTwas applied to themuscle belly of ECRL. Subsequently, NMES at 25%MVC,with a pulse length
of 0.4 ms, a rate of 40 Hz, and an on/off ratio of 1:3 s, was initiated with a sequence of 45–25–25–25 repetitions, followed by a 30-s rest interval. After this, the
BFRwas removed. AtM1 (pretest) andM2 (posttest), themechanical properties of the ECRLwere measured using theMyotonPRO system. In addition, at
T1 (pretest) and T2 (posttest), the force generation capacity and force scaling ability were assessed using anMVC test and a trapezoidal isometric force task
(0%–40%–0%MVC), respectively. (B) Surface EMGwere placed on the muscle bellies of the ECRL to measure MU during the pretest. (C) Application of
LLLT to the muscle belly of the ECRL after 30 s of BFR cuff inflation. (D) A pair of stimulating electrode was placed on the ECRLmuscle at the distal part
of the forearm during NMES.
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 on 08/15/2024
facilitate the use of a prevalidated algorithm for electromyo-
graphy (EMG) decomposition analysis (30). To monitor mus-
cle activity in the ECRL, a four-pin wireless surface EMG
electrode was used during the force-tracking task. Each partic-
ipant completed a total of four trials of trapezoidal contraction,
separated by 3-min rest intervals, to assess their force scaling
capacity in both the pretest (T1) and posttest (T2).

After the baseline measurements at M1 and T1, we applied
wireless auto-calibrating BFR cuffs (SAGA Fitness; SAGA
Fitness International, Queensland, Australia) to the biceps
brachii muscle belly (Fig. 1C). Venous return in the upper
limb was fully obstructed for 10 min with the restriction pres-
sure set at 80% of systolic blood pressure. This ischemic pre-
conditioning technique is known as BFR and facilitates mus-
cle strengthening with NMES under hypoxic conditions. The
LLLT group received a 10-min LLLT session, which amounted
to a total energy delivery of 60 J. LLLT treatment was adminis-
tered to the muscle belly of the ECRL (Fig. 1C). In contrast, the
control group underwent a sham LLLT treatment. The LLLT
system used was a Laser 750 (Electro-Medical Supplies Ltd.,
Oxon, UK), as utilized in previous studies conducted in our lab-
oratory (29,31). It emitted light at a wavelength of 850 nm with
an output power of 100 mW and a spot size of 0.785 cm2. Dur-
ing the LLLT session, a probe was applied in a stationary and
vertical position on the skin over the ECRL muscle.

The subsequent phase involved the application of combined
NMES and BFR (Fig. 1D). Pairs of surface electrodes measur-
ing (45 × 30 mm) were affixed to the ECRL muscles located
on the back of the nondominant forearm. One of the electrodes
LASER FOR ISCHEMIC ELECTRICAL STIMULATION

Copyright © 2024 by the American College of Sports Medicine
was positioned at the same site where the LLLT had earlier
been administered, and the other electrode was situated 20 mm
proximal to the ulnar styloid process. A stimulator device
(S88K; Grass Instruments, Warwick, RI) was employed for
the NMES. The stimulus intensity was configured to be 25%
of the MVC, with a stimulus rate of 40 Hz and pulse length
of 0.4 ms. Each contraction of the stimulated wrist extension
lasted for 1 s, followed by a rest period of 3 s. The entire pro-
tocol included a total of 120 contraction repetitions of four
bouts for the ECRL, organized in a sequence of 45–25–25–25
repetitions, with 30-s rest intervals between bouts. After the
NMES session was completed, the occlusion cuff was removed
and the participants were allowed to rest for 10 min. The post-
test was conducted identically to the pretest.

Instrumentation for physiological measures. The
mechanical properties of the ECRL were measured using the
MyotonPRO (Myoton AS, Tallinn, Estonia) device (Fig. 2A).
The system delivered a mechanical impulse to induce damped
oscillations of the muscle and soft tissues of the ECRL. These
oscillations were measured using a triaxial accelerometer
within the system. Mechanical properties of the ECRL were
characterized with oscillation frequency (Hz), dynamic stiff-
ness (N·m−1), and relaxation time (ms). Oscillation frequency
represented the main sinusoidal wave within the mechanical
perturbation waves. Dynamic stiffness (N·m−1) represented
the tissue’s resistance (the first oscillation peak) to external de-
formation forces. Relaxation time measured the duration for
return to its original shape from the first oscillation peak after
the removal of an external force (Fig. 2A). The isometric wrist
Medicine & Science in Sports & Exercise® 1797
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FIGURE 2—(A) TheMyotonPRO system and typical perturbation oscillation waves of a control subject in the pretest and posttest. (B) Typical example of
surface EMG decomposition results and force trajectory of the force-tracking experiment. Force fluctuations are the force trajectory in the ROI after re-
moval of the linear trend. The spike trains are arranged from bottom to top according to the R_th of the MU. The left plot displays the distribution of re-
cruitment for all MU in the pretest of the control group. Means (M_ISI) and coefficients of variance (CV_ISI) of ISI of individual MU in the ROI were
assessed with a single MU action potential train.
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extension force was measured using a force sensor (Model:
MB-100; Interface Inc., Scottsdale, AZ). The force signal was
conditioned through an analog low-pass filter (cut-off fre-
quency: 6 Hz) to eliminate force components unrelated to
visuo-motor processes. This filtered force signal was sampled
at a rate of 1 kHz with a 16-bit A/D card (USB6251; National
Instruments Inc., Austin, TX) on the LabVIEW platform
(LabVIEW v.8.5, National Instruments Inc.). For monitoring
myoelectrical signals from the ECRL, we utilized a wireless
sensor array (Trigno Galileo sensor; Delsys Inc., Natick, MA).
The sensor array head (dimensions: 23 × 30 × 7 mm; mass:
19 g) contained four active electrodes arranged in a diamond
formation, with an interelectrode distance of 5 mm. The surface
electromyography (sEMG) signals of the ECRL were sampled
at a rate of 2000 Hz during the force-tracking task, followed by
online band-pass filtering (20 to 450Hz) and streaming to EMG
works v.4.7.8 software (Delsys Inc.). Data acquisition for the
EMG and force systems was synchronized using a common
voltage pulse.

Data analysis. The three variables that represented the
mechanical parameters of the ECRL were averaged across tri-
als for each participant. Force fluctuations were the force data
within the window of interest (8th to 26th second) after elim-
ination of its linear trend (Fig. 2B). The magnitude of force
fluctuations was indexed with the root mean square (RMS)
values. NeuroMap v.1.2.1 (Delsys Inc.) was used for the
1798 Official Journal of the American College of Sports Medicine

Copyright © 2024 by the American College of Sports Medicine
postdecomposition analysis of surface EMG. The four-channel
sEMG signals of the entire tracking session were subjected
to decomposition, resulting in motor unit action potential
waveforms and discharge events (Fig. 2B). Only the spike
trains of MU within the window of interest (8th to 26th sec-
ond) were further analyzed. These decomposition procedures
were executed using the software’s algorithms (32), which
had previously been validated through the decompose–syn-
thesize–decompose–compare method (33,34). In this study,
only MU with a decomposition accuracy exceeding 85% using
the decompose–synthesize–decompose–compare method were
considered for further analysis. This threshold was chosen as
a compromise between the 80% criterion established in prior
studies (35,36) and the 90% criterion recommended by the
EMG system manufacturer (Delsys Inc.) to enable the analysis
of as manyMU as possible (29). For the pretest and posttest, the
decomposition process converted the surface EMG signal from
the entire 34-s duration into binary-coded spike trains represent-
ing MU with values of either 0 or 1 (Fig. 2B, right). For each
MU in the pretest and posttest, interspike intervals (ISI) were
averaged to obtain mean ISI (M_ISI) after exclusion of the ISI
below 30 ms or above 250 ms, which are scarce during sub-
maximal contractions of the wrist extensors (37,38). Temporal
variability of the ISI for a single MU was represented as the
coefficient of variation of ISI (CV_ISI). In terms of %MVC,
we defined the R_th of an MU as the timing of its initial
http://www.acsm-msse.org
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discharge during the ramp-up phase of the force tracking
(Fig. 2B, left). Signal processing was conducted in Matlab
v.2019 (Mathworks Inc., United States).

Statistical analysis. An independent t-test was used to
analyze the normalized differences ((posttest − pretest)/
pretest × 100%) in mechanical parameters measured by the
MyotonPRO system, MVC value, and the size of force fluctu-
ations of the ROI during the force-tracking task between the
control and LLLT groups. This study compared differences
in MU variables (R_th, M_ISI, and CV_ISI) of pooled MU
between the pretest and posttest for the control and LLLT
groups. The analysis involved a permutation Hotelling’s T2

test and post hoc permutation paired t-test, repeated 10,000
times. Furthermore, this study specified group-dependent var-
iations in discharge behaviors (M_ISI and CV_ISI) of MU of
R_th in the ranges of 20% to 40% MVC between the pretest
and posttest (5% to 10% of the total number of all identified
MU). The emphasis was placed on these MU categories with
higher thresholds, as they have the greatest influence on the
degree of force fusion and the variability in force production
because of their larger twitch forces and slower discharge rates
(39). The study also used a permutation Hotelling’s T2 test and
post hoc permutation paired t-test, repeated 10,000 times, to
compare discharge variables (M_ISI and CV_ISI) of MU of
high thresholds between the pretest and posttest for the control
FIGURE 3—The contrast of normalized difference of MVC (A) and force fluctu
standard deviations of the force variables in the pretest and posttest are include

LASER FOR ISCHEMIC ELECTRICAL STIMULATION

Copyright © 2024 by the American College of Sports Medicine
and LLLT groups. Statistical analyses were performed in the
Statistical Package for Social Sciences (SPSS) for Windows
version 22.0 and Matlab v.2019 scripts. Data presented in
the text and tables are shown as mean ± SD.
RESULTS

Figure 3A presents the normalized differences in MVC be-
tween the control and LLLT groups. The results of an indepen-
dent t-test revealed that the posttest decrease in MVC was sig-
nificantly smaller in the LLLT group (−4.01 ± 4.88%) than in
the control group (−23.85 ± 7.12%) (t34 = −9.750, P < 0.001).
Figure 3B compares the normalized difference in the RMS of
force fluctuations between the control and LLLT groups. The
posttest increase in RMS of force fluctuations was signifi-
cantly smaller in the LLLT group (2.51 ± 19.22%) than in
the control group (25.24 ± 31.64%) (t34 = 2.605, P = 0.014).
Overall, the control group demonstrated poorer force genera-
tion capacity and force precision control than those of the
LLLT group after combined NMES and BFR.

The numbers of decomposed MU from multielectrode sur-
face electromyography (EMG) of the ECRL for all partici-
pants in the LLLT group during both the pretest and posttest
were 815 and 813, respectively. In the control group, the num-
bers of decomposed MU from the ECRL for all participants
ation parameters (B) between the LLLT and control groups. Means and
d in the figures.

Medicine & Science in Sports & Exercise® 1799
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FIGURE 4—The contrast of R_th and discharge patterns of all identified MU between the pretest and posttest for the control and LLLT groups.
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during the pretest and posttest were 663 and 738, respectively.
Figure 4 illustrates the mean and standard deviations of three
main MU variables in the pretest and posttest for the LLLT
and control groups. For the control group, the results of the
permutation Hotelling’s T2 test indicated significant differences
in MU variables between the pretest and posttest (P < 0.001).
The average R_th of MU was higher in the posttest than in
the pretest (P < 0.001) (Fig. 4, upper left). The M_ISI was
shorter in the posttest than in the pretest (P = 0.019) (Fig. 4,
upper middle). The coefficient of variation (CV_ISI) was greater
in the posttest than in the pretest (P = 0.038) (Fig. 4, upper
right). For the LLLT group, a permutation Hotelling’s T2 test
indicated that MU variables were also significantly different
between the pretest and posttest (P < 0.001). R_th was smaller
in the posttest than in the pretest (P < 0.001) (Fig. 4, lower
left), oppositely tuned to combined neuromuscular stimulation
and BFR in reference to R_th of the control group. As in the
control group, M_ISI was smaller in the posttest than in the
pretest (P = 0.010) (Fig. 4, lower middle). However, contrary
to that of the control group, CV_ISI of the LLLT group did not
significantly vary between the pretest and posttest (P >. 05)
(Fig. 4, lower right). Table 1 presents a comparison of M_ISI
and CV_ISI for MU with high thresholds (20% to 40%
MVC) between the pretest and posttest for both the control
and LLLT groups. Only the variables of higher-threshold
MU in the control group (P = 0.001) changed with combined
NMES and BFR. Post hoc analysis revealed that the control
group exhibited a shorter M_ISI (pretest: 154.9 ± 43.1 ms,
posttest: 138.5 ± 44.9 ms, P < 0.001) and greater CV_ISI (pre-
test: 0.277 ± 0.041, posttest: 0.289 ± 0.033, P = 0.041) in the
TABLE 1. The contrast of discharge patterns of MU with high R_th (20% to 40% MVC) between t

20% to 40% MVC Pretest

Control M_ISI (ms) 154.9 ± 43.1 138
CV_ISI 0.277 ± 0.041 0.28

LLLT M_ISI (ms) 144.8 ± 58.9 14
CV_ISI 0.285 ± 0.034 0.2

*Posttest > pretest, P < 0.05; †††P < 0.001.
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posttest. MU variables of the LLLT group were not signifi-
cantly affected by combined NMES and BFR (P > 0.05).

Table 2 summarizes the posttest-related changes in the me-
chanical properties of the ECRL muscle between the control
and LLLT groups, presenting the normalized differences in
various MyotonPRO measures. The results of an independent
t-test revealed that the posttest frequency decrease in the LLLT
group (−0.15 ± 4.05%) was significantly smaller than that in
the control group (−5.94 ± 6.02%) (t34 = −3.385, P = 0.002).
Furthermore, posttest changes in stiffness were more pro-
nounced in the control group (−7.72 ± 7.17%) than in the
LLLT group (0.15 ± 6.74%) (t34 = −3.391,P = 0.002). Finally,
the LLLT group exhibited a significantly smaller posttest in-
crease in relaxation (1.57 ± 6.65%) than that in the control
group (8.07 ± 7.79%) (t34 = 2.695, P = 0.011). These findings
consistently suggest that the mechanical properties of the
ECRL muscle were less affected by combined neuromuscular
stimulation under the BFR condition in the LLLT group than
in the control group.
DISCUSSION

This study demonstrated that preexposure to LLLT pro-
duced a photobiomodulation effect for better preservation of
MVC, force fluctuation size, and mechanical properties of
the working muscle after the application of NMES and BFR.
The enhanced precision in force control, resulting from the
bioenergetic effect of LLLT, was associated with muscle acti-
vation that exhibited prevalent recruitment of MU with lower
he pretest and posttest for the control and LLLT groups.

Posttest Permutation Hotelling’s T2 Post hoc

.5 ± 44.9††† P = 0.001 P < 0.001
9 ± 0.033* P = 0.041
0.9 ± 55.0 P = 0.600
80 ± 0.037

http://www.acsm-msse.org

. Unauthorized reproduction of this article is prohibited.

http://www.acsm-msse.org


TABLE 2. The contrast of mechanical properties of ECRL between the LLLT and control groups.

Mechanical Properties Pretest Posttest Normalized Difference (%) Statistics

Frequency (Hz) Control 14.29 ± 1.02 13.51 ± 1.01 −5.94 ± 6.02 t34 = −3.385, P = 0.002
LLLT 13.74 ± 0.73 13.74 ± 0.90 −0.15 ± 4.05**

Stiffness (N·m−1) Control 230.50 ± 31.95 212.56 ± 33.52 −7.72 ± 7.17 t34 = −3.391, P = 0.002
LLLT 211.22 ± 22.37 211.50 ± 25.93 0.15 ± 6.74**

Relaxation (ms) Control 20.38 ± 1.96 21.98 ± 2.16 8.07 ± 7.79 t34 = 2.695, P = 0.011
LLLT 21.14 ± 1.44 21.49 ± 2.21 1.57 ± 6.65‡

**LLLT > control, P < 0.01; ‡LLLT < control, P < 0.05)
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thresholds and maintained the discharge stability of MU with
higher thresholds.

Preservation ofmaximal force andmuscle stiffness
with LLLT preexposure. Previous systematic reviews have
shown that LLLT applied before and during exercise can
enhance skeletal muscle performance and prevent fatigue
(24,40). Both red light (660 nm) and near-infrared (830 nm)
are reported to be effective in alleviating muscle fatigue (41).
Physiologically, the near-infrared laser, with its longer wave-
length, is expected to penetrate deeper into muscle tissues, po-
tentially leading to better outcomes. However, exploration of
the antifatigue effect of LLLT on muscle fatigue induced by
NMES in humans has been limited (42,43), particularly re-
garding its potential impact on force precision control and
mechanical properties. In fact, the combined application of
NMES and BFR is believed to have a more pronounced neg-
ative impact on muscle contractility compared with voluntary
high-load exercise alone or combined BFR with low-load re-
sistance exercise. This is primarily because BFR-induced high
metabolic stress, such as lactate accumulation (44), may com-
promise central corticospinal excitability (45) and accelerate
peripheral muscle fatigue. The fatigability is further deterio-
rated by concurrent NMES via the induction of lower intracel-
lular pH (46,47) together with the synchronous, spatially fixed
recruitment of MU (11,12). These fatigue-related changes and
ATP depletion hinder the formation of cross-bridges, resulting
in the failure of Ca2+ release and ionic changes on the cellular
membrane (48–50). Conceptually, our findings align with pre-
vious research that has reported the antifatigue effects of
photobiomodulation therapy in voluntary exercise (51–53).
The bioenergetic effect of LLLT can enhance cytochrome
c-oxidase activity (24,42) and upregulate mitochondrial activ-
ity within the mitochondrial respiratory chain for enhance-
ment of ATP production within the muscle tissues. Hence,
LLLT preexposure provides an ample supply of ATP, which
in turn enables the release of Ca2+ to counteract the energy
crisis induced by the excessive consumption of ATP during
the combined application of NMES and BFR. Furthermore,
LLLT has the potential to restore ROS homeostasis, which
may be disrupted by the combined use of NMES and BFR,
thereby maintaining cellular communication pathways medi-
ated by ATP, ROS, and/or calcium (54,55).

The bioenergetic effects of LLLT also contribute to the
maintenance of muscle stiffness in the ECRL after the applica-
tion of combined NMES and BFR (Table 2). Previous studies
have shown that acute fatigue induced by prolonged exercise
(56,57) or NMES intervention (58) results in a significant
LASER FOR ISCHEMIC ELECTRICAL STIMULATION
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decrease in muscle stiffness. This decrease is likely due to
the compromise of structural integrity caused by a pro-
inflammatory response (59–61), which leads to increased water
content in the connective tissues (62) and reflexive motoneu-
ronal inhibition on muscle elasticity through the activation of
III/IV afferents (63,64). It is evident that muscle stiffness after
the application of combined NMES and BFR was better pre-
served with LLLT preexposure, as indicated by relatively in-
significant changes in the frequency, stiffness, and relaxation
of mechanical oscillation patterns in the ECRL in the posttest
(Table 2).

Modulation of MU activation strategy for force
precision control with LLLT preexposure. In investiga-
tions of the antifatigue effects of LLLT and the impact of BFR
on muscle fatigue, only limited attention has been given to ex-
amining the force scaling. This gap in research is critical for
understanding fine motor control forces, which are interac-
tively regulated by the recruitment strategy and rate coding
of MU. In this study, during force tracking, the LLLT group
exhibited significantly smaller increases in the RMS of force
fluctuations in the posttest compared with the control group
(Fig. 3B). Without preexposure to LLLT, the notable rise in
force fluctuations observed in the control group suggests the
manifestation of neuromuscular fatigue (65). This is related
to an increase in discharge variability (Fig. 4, upper right)
resulting from shifts in low-frequency common drive to MU
(66). In contrast, posttest force steadiness was better pre-
served, as indicated by insignificant changes in discharge var-
iability in the LLLT group (Fig. 4, lower right). According to
theMUmodel based on computer simulations and experimen-
tal data, discharge rate variability is a potent factor negatively
influencing isometric force steadiness (67,68). In addition to
discharge variability, variations in MU R_th played a crucial
role in differentiating force fluctuation performance in the
posttest between the control and LLLT groups. In the posttest,
the control group exhibited a global increase in R_th (Fig. 4,
upper left). This indicates that the control group recruited
MU with higher thresholds after the application of combined
NMES and BFR. The recruitment of high-threshold MU with
larger twitch forces is disadvantageous for achieving smooth
force fusion. Collectively, the MU behaviors observed in the
control group during the posttest, characterized by higher
R_th, shorter ISI, and greater discharge variability (Fig. 4,
top row), resembled the typical discharge pattern commonly
seen in a fatigued muscle (69,70). In contrast, the R_th in the
LLLT group were significantly lower in the posttest (Fig. 4,
lower left), indicating that MU with lower thresholds and
Medicine & Science in Sports & Exercise® 1801
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twitch forces were predominantly involved in posttest force
scaling. Along with shorter ISI to assist smooth force fusion
(Fig. 4, bottom row), force fluctuations were not potentiated
in the posttest, which supports the beneficial effect of LLLT
in resisting neuromuscular fatigue after combined NMES
and BFR. In particular, for MU with higher thresholds (20%
to 40% of MVC) that play a decisive role in the size of force
fluctuations (37), the higher-threshold MU in the LLLT group
remained consistent with the application of combined NMES
and BFR. In contrast, the higher-threshold MU in the control
group displayed fatigue-like discharge behaviors, characterized
by increased discharge variability and shorter ISI (Table 1). The
scenario provided a rational basis for inferring that these higher-
threshold MU were especially responsive to metabolic energy
restoration through LLLT (31), contributing to better preser-
vation of force precision control after combined NMES and
BFR, although the exact causes warrant further investigations.

Several methodological considerations warrant discussion.
First, the relatively small sample size of participants may have
limited the representativeness of our study’s observations.
Nevertheless, this work included 600 to 800 successfully iden-
tified MU, a larger set than in most MU studies in this field.
The use of the permutation test added statistical robustness
for analysis of pooled MU variables. It is valuable to empha-
size that this study provides preliminary evidence regarding
the positive impact of LLLT irradiation in protecting against
the loss of force control and changes in the mechanical proper-
ties of the ECRL muscle when combined BFR and NMES is
applied. Second, considering MVC and force fluctuation mea-
sures (Fig. 3B), few subjects demonstrated an insignificant an-
tifatigue effect on BFR training with LLLT. It is possible that
the optimal dose of LLLT for the antifatigue effect could be
individualized, despite most positive results being observed
with an energy dose range from 20 to 60 J for small muscular
1802 Official Journal of the American College of Sports Medicine
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groups (25). Third, the composition of the MU investigated
may not have been identical between the pretest and posttest.
However, it is unlikely that this potential variation signifi-
cantly impacted the observedMUbehaviors, as the EMG elec-
trode remained in position on the recording muscle throughout
the relatively short experiment. Last, the precise mechanisms
underlying the protective effect of LLLT against neuromuscu-
lar fatigue, particularly concerning cellular metabolism and its
relationship with force output and MU behaviors, remain in-
completely understood.

CONCLUSIONS

This study highlights the potential of LLLT preexposure in
mitigating peripheral muscle fatigue when combined with
NMES and BFR in terms of force generation capacity, muscle
stiffness, and force scaling. The improved force scaling is at-
tributed to the bioenergetic effects of photomodulation, which
reduces the strain onMUwith lower thresholds and minimizes
discharge variability in MU with higher thresholds. LLLT
preexposure can help maintain the excitability and discharge
stability of MU in the face of fatigue induced by the enhanced
metabolic stress and unique MU recruitment patterns associ-
ated with combined NMES and BFR. Consequently, LLLT
preexposure may be a valuable addition to muscle strengthen-
ing protocols involving combined BFR and NMES, allowing
for optimization by adjusting training variables such as occlu-
sion pressure and resistance load.
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