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ABSTRACT

CHEN, Y.-C., Y.-T. LIN, C.-L. HU, and I.-S. HWANG. Low-Level Laser Therapy Facilitates Postcontraction Recovery with Ischemic Pre-

conditioning.Med. Sci. Sports Exerc., Vol. 55, No. 7, pp. 1326-1333, 2023. Purpose:Despite early development of muscle fatigue, ischemic

preconditioning is gaining popularity for strength training combined with low-load resistance exercise. This study investigated the effect of

low-level laser (LLL) on postcontraction recovery with ischemic preconditioning. Methods: Forty healthy adults (22.9 ± 3.5 yr) were allo-

cated into sham (11 men, 9 women) and LLL (11 men, 9 women) groups. With ischemic preconditioning, they were trained with three bouts

of intermittent wrist extension of 40% maximal voluntary contraction (MVC). During the recovery period, the LLL group received LLL

(wavelength of 808 nm, 60 J) on the working muscle, whereas the sham group received no sham therapy. MVC, force fluctuations, and dis-

charge variables of motor units (MU) for a trapezoidal contraction were compared between groups at baseline (T0), postcontraction (T1), and

after-recovery (T2). Results: At T2, the LLL group exhibited a higher normalized MVC (T2/T0; 86.22% ± 12.59%) than that of the sham

group (71.70% ± 13.56%; P = 0.001). The LLL group had smaller normalized force fluctuations (LLL, 94.76% ± 21.95%; sham,

121.37% ± 29.02%; P = 0.002) with greater normalized electromyography amplitude (LLL, 94.33% ± 14.69%; sham, 73.57% ± 14.94%;

P < 0.001) during trapezoidal contraction. In the LLL group, the smaller force fluctuations were associated with lower coefficients of variation

of interspike intervals of MUs (LLL, 0.202 ± 0.053; sham, 0.208 ± 0.048; P = 0.004) with higher recruitment thresholds (LLL, 11.61 ± 12.68

%MVC; sham, 10.27 ± 12.73 %MVC; P = 0.003). Conclusions: LLL expedites postcontraction recovery with ischemic preconditioning,

manifesting as superior force generation capacity and force precision control for activation of MU with a higher recruitment threshold and

lower discharge variability.KeyWords: PHOTOTHERAPY,HYPOXIA, FORCEFLUCTUATIONS,MOTORUNIT, ELECTROMYOGRAPHY
Also known as blood flow restriction (BFR), ischemic
preconditioning in combination with low-load resis-
tance exercise (20%–40% of the 1-repetition maxi-

mum) has recently become a standard to train muscle (1).
For instance, for ischemic preconditioning of the upper limb,
an inflated pneumatic cuff is applied on the proximal portion
with pressure of 40% to 80% of brachial systolic blood pres-
sure for occlusion of venous return (2). Muscle hypertrophy
and strength gains trained with BFR contraction are attribut-
able to enhanced mechanical tension and metabolic stress,
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which increase the release of growth hormones (3) and activa-
tion of protein synthesis signaling (4). In addition, ischemic
preconditioning alters the muscle activation pattern, increasing
both muscle recruitment (5,6) and the discharge rates of active
motor units (MU) (7).

Because of the occlusion of venous return, ischemic precon-
ditioning may impair muscle activation by allowing lactate to
accumulate, which does not occur in traditional low-load resis-
tance exercise. Lactate accumulation impairs myoelectrical
conduction (8) and accentuates inhibitory control from type
III and type IV muscle afferents to alpha motoneurons (9). Be-
cause of impairment of muscle excitation–contraction cou-
pling and reduction in corticospinal excitability (10), maximal
voluntary contraction (MVC) and twitch torques are smaller
with BFR than without BFR (11,12). Hence, strength training
combined with ischemic preconditioning gives rise to early
development of neuromuscular fatigue (10–14). In a previous
study, at a task failure of a 45%MVC contraction, a BFR pro-
tocol led to greater force fluctuations and higher median fre-
quency of surface electromyography (EMG) than did a non-
BFR protocol (13). Early fatigue development with ischemic
. Unauthorized reproduction of this article is prohibited.

mailto:ishwang@mail.ncku.edu.tw


A
PPLIED

SC
IEN

C
ES

D
ow

nloaded from
 http://journals.lw

w
.com

/acsm
-m

sse by B
hD

M
f5eP

H
K

av1zE
oum

1tQ
fN

4a+
kJLhE

Z
gbsIH

o4X
M

i0hC
yw

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

K
G

K
V

0Y
m

y+
78=

 on 06/15/2023
preconditioning could delay the recovery of contractile func-
tion and thus reduce the training volume (or resistance load)
to expedite muscular adaptation in real practice (15). In prac-
tice, quick recovery from postexercise should add to the bene-
fits of BFR resistance exercise training.

Conventionally, low-level laser (LLL) therapy uses radia-
tion of wavelengths from 655 to 950 nm to enhance wound
healing and pain control (16). Taking advantage of the photo-
bioenergetic effect, a novel application of LLL is to excite mus-
cle fibers to improve performance and prevent neuromuscular
fatigue (17,18). The delivery of near-infrared photons to muscle
tissue can increase oxygen uptake, remedy mitochondrial dys-
function, and improve adenosine triphosphate (ATP) utilization
(19,20). LLL intervention can also inhibit the activities of reac-
tive oxygen species/reactive nitrogen species series, which in-
terfere with the binding of calcium ions to myofibrils (21) and
reduce blood lactate levels caused by fatiguing contraction
(22). In practice, strength exercise and endurance training com-
bined with LLL before and during sets of exercise increase the
resistance to exhausting physical activities, corroborating the
observations of decreases in lactate concentrations (18,23) or
oxidative stress markers (24) and relative increases in peak
torque/power (24) or EMG amplitude (25) during muscle con-
traction. However, the facilitation effects of LLL on muscle
contractability are contingent upon multiple factors, including
the laser parameters (26), research population, and exercise
protocol (27).

Although the combination of low-load resistance exercise
and ischemic preconditioning is a promising trend for strength
training, this approach could cause neuromuscular fatigue sim-
ilar to that from strenuous exercise. To our knowledge, no pre-
vious works have focused on resolving early fatigue with
ischemic preconditioning even during low-load resistance ex-
ercise. Considering the energetic effects of LLL, this study
aimed to investigate the effects and neurophysiological mech-
anisms of LLL for postcontraction recovery after low-load re-
sistance exercise with ischemic preconditioning. Within this
context, it was hypothesized that LLL therapy could accelerate
postcontraction recovery, leading to superior force generation
and force scaling as compared with those of sham therapy. In
addition, the recruitment pattern and discharge modulation of
MU would be adapted to the fine-grained force scaling for su-
perior postexercise recovery with LLL therapy.
METHODS

Participants. Forty healthy young adults (22.9 ± 3.5 yr;
22 men, 18 women) with right-hand dominance signed a con-
sent form before they participated in this study. The experi-
ment was approved by a local institutional human research re-
view board (Institutional Review Board of the National Cheng
Kung University Hospital, No. B-ER-109-070) and conformed
to the standards set forth by the Declaration of Helsinki with the
exception of database registration. Subjects neither performed
any vigorous activity nor consumed caffeine for 12 h before
the experiment.
PHOTOBIOMODULATION FOR ISCHEMIC CONTRACTION

Copyright © 2023 by the American College of Sports Medicine
Experimental protocol and setup. The participants
were randomly allocated into gender-balanced sham (age,
22.5 ± 3.7 yr; 11 men, 9 women; height, 166.4 ± 7.2 cm;
weight, 62.2 ± 9.7 kg; body mass index, 22.4 ± 2.6 kg·m−2)
and LLL (age, 23.5 ± 3.4 yr; 11 men, 9 women; height,
166.0 ± 7.0 cm; weight, 62.3 ± 9.9 kg; body mass index,
22.5 ± 2.4 kg·m−2) groups. The amounts of physical activity
in the sham and LLL groups were 4.2 ± 2.9 and 4.8 ±
3.4 h·wk−1, respectively. On the day of the visit, resting blood
pressure was first prescreened. The participants sat on a chair
and relaxed for about 3 min before their blood pressure was
measured with an electric sphygmomanometer (HEM-7121;
OMRON Inc., Kyoto, Japan). Then the wrist extensors of the
dominant hands of the participants were trained with a low-
load resistance exercise under the hypoxic condition (Fig. 1A).
They were seated with the dominant elbow constrained on a
testing platform in the position of slight elbow flexion (~30°)
with the wrist pronated. A baseline measure was performed to
determine force generation capacity and force scaling ability
with MVC and trapezoidal isometric contraction of wrist exten-
sion, respectively. The MVC of the wrist extensor was first de-
termined from the peak values of three 3-s maximum contrac-
tion trials separated by 1-min rest periods.

After 3 min of rest following the MVC test, the participants
performed a trapezoidal isometric task to maintain a static tar-
get force at 40% MVC. During the trapezoidal isometric task,
the participants carefully exerted the isometric force of wrist
extension to couple a ramp-up–hold–ramp-down target signal
displayed on a computer screen (Fig. 1A). The target signal
was a 3-s latent period and a 4-s ramp-up, phase to 40%
MVC, 30 s of the static level for the 40%MVC isometric force
task, a 4-s ramp-down, phase to rest, and 3 s of latency at the
end. Each contraction trial lasted 44 s. The time window of in-
terest was the 9th to 35th seconds of the contraction trial be-
cause of the relatively stable force output in this window.
The isometric strength at 40% MVC corresponded to the test-
ing time points (T0, T1, T2) so as to analogize resistance exer-
cise at a low intensity of 40% of 1-repetition maximum
reported for BFR training. The protocol of trapezoidal contrac-
tion made it convenient for the subsequent EMG decomposi-
tion using a previous proof of algorithm (28,29). Each partic-
ipant completed three trials of the trapezoidal contraction
interleaved with 3-min rest periods for assessment of force
scaling capacity at the baseline and in the postcontraction
and after-recovery stages.

Figure 1B presents the timeline of the whole experimental
procedure. At the baseline (T0), postcontraction (T1), and
after-recovery (T2) points, the MVC and protocol of the trap-
ezoidal isometric contraction, separated by at least 3 min, were
assessed. After the baseline measure at T0, a custom-made
polyester pneumatic cuff (Limited Edition, H+ Cuff, Santa
Barbara, CA) was applied on the muscle belly of the biceps
brachii to occlude venous return in the upper limb for 3 min.
Restriction pressure was set at 60% of systolic blood pressure.
The ischemic preconditioning, known also as blood flow re-
striction (BFR), allowed the subsequent force task of the
Medicine & Science in Sports & Exercise® 1327
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FIGURE 1—A, System setup, example data of the trapezoidal isometric force task, and application of LLL on the wrist extensor for postcontraction recov-
ery. B, Flowchart of experimental process of a force task with ischemic preconditioning for the sham and LLL groups. After BFR, the training force task
was three bouts (C1, C2, and C3) of 30–15–15–15 intermittent isometric wrist extension at 40%MVC, interleaved with 60-s rest intervals. At baseline (T0),
postcontraction (T1), and after-recovery (T2), the force generation capacity and force scaling ability were assessed with anMVC test and a trapezoidal iso-
metric force task (0%–40%–0%MVC), respectively.When the BFR cuff was removed after T1, the sham groupwas allowed 10min for passive recovery, in
contrast to the LLL group, who received 60-J LLL (wavelength, 808 nm) on the working muscle.
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 on 06/15/2023
isometric wrist extension to be completed under the hypoxic
condition. Then the participants performed three bouts of iso-
metric wrist extension separated by 1-min rest. Each bout
consisted of repeated isometric contraction of wrist extensors
1328 Official Journal of the American College of Sports Medicine

Copyright © 2023 by the American College of Sports Medicine
of 40% MVC at 1 Hz (30–15–15–15 repetitions, interleaved
with 10-s rest intervals). When three contraction bouts were
finished, postcontraction measures at T1, including the MVC
test and designated trapezoidal contraction, were performed
http://www.acsm-msse.org
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 on 06/15/2023
to assess muscle contractibility. After that, the occlusion cuff
was removed, followed by a 10-min recovery stage of relaxa-
tion. During the recovery stage, the LLL group received LLL
of 60 J for a total of 10 min (the mode continuous) on the mus-
cle belly of the extensor digitorum (22,30). LLL therapy (wave-
length, 808 nm; output, 100 mW; Laser 750; Electro-Medical
Supplies Ltd., Oxon, UK)was used for the photobiomodulation
effect (30). Two sites of laser application were defined by pal-
pation (Fig. 1A). Each site was treated for 5 min, for a total
dose of 30 J per site (30). The probe (spot size, 0.785 cm2)
was held stationary in vertical contact with the skin at light
pressure. The sham group received sham low-level therapy.
At the after-recovery (T2), theMVC tests and trapezoidal con-
traction protocols of the two groups were assessed.

The force outputs of wrist extension during the MVC and
the trapezoidal isometric contraction were measured with a
force transducer (Model: MB-100; Interface Inc., Scottsdale,
AZ) and sampled at 1 kHz with an analog-to-digital converter
with 16-bit resolution (DAQCard-6024E; National Instru-
ments Inc., Austin, TX). Synchronized with the force signals,
a multielectrode EMG system that consisted of a sensor array
(Bagnoli sEMG system; Delsys Inc., Natick, MA) was used to
record the muscle activity of the extensor digitorum. The five
pin electrodes (0.5-mm diameter) in the sensor array were
placed at the center and at the corners of a 5 � 5-mm square.
The EMG sensor array was placed on a line from the lateral
epicondyle of the elbow to the second metacarpal, 50–70 mm
from the lateral epicondyle. Pairwise differentiation of the five
pin electrodes yielded four channels of sEMG, which were am-
plified (gain, 1000) and band-pass filtered (cutoff frequencies of
20 and 450 Hz) to remove any movement artifact. The condi-
tioned sEMG signals were digitized at a rate of 20 kHz (28,29).

Data analysis and signal processing. The force signal
was low-pass filtered (cutoff frequency, 6 Hz) to high-frequency
noises, centering on effects of visuomotor processes on force out-
put in the 0- to 4-Hz band (31). The force generation capacity
was indexed with MVC force at T0, T1, and T2. Based on the
baseline measurement of MVC (MVCT0), we normalized
MVCs in the postcontraction and after-recovery stages with
MVCT0 to obtain MVCT1/T0 and MVCT2/T0. The force scaling
capacity during the trapezoidal isometric contraction was de-
fined as the root mean square (RMS) of force fluctuations
within the window of interest. The force fluctuations were
force outputs after removal of the linear trend. Based on the
RMS of force fluctuations of the baseline (FF-RMST0), we
normalized force fluctuation sizes in the postcontraction and
after-recovery with FF-RMST0 to obtain FF-RMST1/T0 and
FF-RMST2/T0. The FF-RMS and normalized FF-RMS of force
fluctuations of the three experimental trials at T0, T1, and T2
were averaged.

Four EMG signals were collected from the pin electrodes.
After conditioning with a band-pass filter (bandwidth, 20–
400 Hz), the RMS of the four EMG channels in the window
of interest was averaged to represent mean EMG amplitude
for trapezoidal isometric contraction at T0, T1, and T2. The
EMG amplitude at T1 and T2 was normalized with respect
PHOTOBIOMODULATION FOR ISCHEMIC CONTRACTION
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to that of T0 to obtain EMG-RMST1/T0 and EMG-RMST2/T0.
Then the EMG signals were processed with a decomposition
procedure. With an artificial intelligence–based computation
algorithm (28,29), the action potential “templates” of as many
MU action potential trains as possible were extracted in EMG
Works version 4.3 (Delsys Inc.). Only MU values with accu-
racy rates of decomposition higher than 90% were reported
with the Decomposition–Synthesis–Decomposition–Compare
test (29). The EMG decomposition process resulted in discharge
events of decomposed MU with values of 0 or 1 (Fig. 1A). In
conjunction with the force signal in the ramp-up phase, we
determined the recruitment threshold for each MU in terms of
%MVC (RecTH). The mean interspike interval (M-ISI) for each
MU was determined by averaging the time intervals of single
MU spike trains within the window of interest. The experimen-
tally observed ISI variability of an individual MU was repre-
sented with the coefficients of variation (CV) of interspike inter-
vals of MUs in the window of interest. All signal processing
was completed inMATLAB2018 (MathWorks Inc., Natick,MA)

Statistical analysis. On an individual basis, Hotelling’s
T2 test and a post-hoc independent t-test were used to examine
group effects onMVCT0, MVCT0/T1, andMVCT2/T0 for differ-
ent measurement periods. Likewise, Hotelling’s T2 test and a
post-hoc independent t-test were used to contrast group differ-
ences in force fluctuation size (FF-RMST0, FF-RMST0/T1, FF-
RMST2/T0) and mean EMG amplitude (EMG-RMST0, EMG-
RMST0/T1, EMG-RMST2/T0) at T0, T1, and T2. With respect
to MU variables (RecTH, M-ISI, and ISI-CV), a permutation
t-test was used to examine differences in the variables for all
MUs in the sham and LLL groups at T0, T1, and T2. The per-
mutation t-test was used because it was difficult to individually
identify whether the exact MU values were featured across the
experimental trials and different time points. Data were ana-
lyzed in SPSS version 22.0 and MATLAB 2018 (MathWorks
Inc.). Data reported in the text and tables without specific no-
tations are presented as mean ± SD.
RESULTS

In terms of MVC forces, Table 1 compares force generation
capacity between the sham and LLL groups at baseline (T0),
postcontraction (T1), and after-recovery (T2). The results of
Hotelling’s T2 test showed a significant group difference in
theMVCmeasure (Wilk Λ = 0.707, P = 0.005). Post-hoc anal-
ysis revealed that the normalized MVC (MVCT2/T0) of the
LLL group (86.22% ± 12.59%) was significantly greater than
that of the sham group (71.70% ± 13.56%) at T2 (t38 = −3.551,
P = 0.001). In contrast, baseline MVC (MVCT0) and normal-
ized MVC (MVCT1/T0) at T1 did not differ between groups
(P > 0.05).

In terms of RMS value, Table 2 contrasts the size of force
fluctuations between the sham and LLL groups at baseline
(T0), postcontraction (T1), and after-recovery (T2). Hotelling’s
T2 test revealed a significant group effect on the size of force
fluctuations (Wilk Λ = 0.770, P = 0.023). Post-hoc analysis re-
vealed that the normalized force fluctuation (FF-RMST2/T0) of
Medicine & Science in Sports & Exercise® 1329
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TABLE 1. Means and SD of MVC for the LLL and control groups.

MVC Characteristics Control LLL Hotelling’s T2 Test Post Hoc

Baseline MVCT0 (NT) 93.78 ± 30.01 88.61 ± 31.39 Wilk Λ = 0.707, P = 0.005 t38 = 0.553, P = 0.597
Postcontraction MVCT1/T0 (%) 75.42 ± 12.40 77.79 ± 17.85 t38 = −0.489, P = 0.628
After-recovery MVCT2/T0 (%) 71.70 ± 13.56 86.22 ± 12.59* t38 = −3.551, P = 0.001

T0, T1, and T2 are MVC measures at the time of baseline, postcontraction, and after-recovery, respectively). The values in bold format are significant.
*LLL > control, P < 0.005.
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 on 06/15/2023
the LLL group (94.76% ± 21.95%) was significantly smaller
than that of the sham group (121.37% ± 29.02%) at T2
(t38 = 3.271, P = 0.002). However, baseline RMS of force fluc-
tuations (FF-RMST0) and normalized RMS of force fluctua-
tions (FF-RMST1/T0) did not vary between groups (P > 0.05).
Collectively, the application of LLL during fatigue recovery af-
ter BFR resistance training added to the force generation capac-
ity and force precision control.

In terms of RMS, the contrasts of mean amplitude of EMG
between the sham and LLL groups at T0, T1, and T2 are sum-
marized in Table 3. Hotelling’s T2 test revealed a significant
group effect on the EMG RMS (Wilk Λ = 0.616, P < 0.001).
Specifically, the LLL group (94.33% ± 14.69%) exhibited a
higher normalized EMG RMS at T2 (EMG-RMST2/T0) than
that of the sham group (73.57% ± 14.94%; t38 = −4.430,
P < 0.001), rather than EMG-RMST0 and EMG-RMST1/T0
(P > 0.05; Table 3).

The decomposition results of the surface EMG showed that
the total numbers of MU of all subjects for the three experi-
mental trials at the baseline (T0) in the sham and LLL groups
were 1142 and 1155, respectively. The total numbers of MU
investigated at postcontraction (T1) of the sham and LLL
groups were 1096 and 1173, respectively. The total numbers
of MU investigated at after-recovery (T2) for the sham and
LLL groups were 1112 and 1030, respectively. A permutation
t-test was used to examine the group effect on all MUvariables
at T0, T1, and T2. For the average recruitment threshold of all
MUs (RecTH), no group effect on RecTH was noted at T0 or T1
(P > 0.05; Table 4). The group-dependent difference in RecTH
was significant only at T2. The RecTH of the LLL group
(11.61 ± 12.68 %MVC) was greater than that of the sham
group (10.27 ± 12.73%MVC; P = 0.003). For theM-ISI, there
were no significant group effects on M-ISI at T0, T1, or T2
(Table 4). Finally, the results of the permutation t-test revealed
a group-dependent difference in the mean CV (ISI-CV). The
LLL group demonstrated a lower ISI-CV than the sham group
did at T2 (LLL, 0.202 ± 0.053; sham, 0.208 ± 0.048;
P = 0.004), rather than at T0 and T1 (P > 0.05; Table 4).
DISCUSSION

This study revealed that LLL therapy could more effec-
tively restore muscle contractability after low-load resistance
TABLE 2. Contrast of FF-RMS for the LLL and control groups.

Force Fluctuations Control LLL

Baseline FF-RMST0 (%MVC) 0.600 ± 0.201 0.657 ± 0.19
Postcontraction FF-RMST1/T0 (%) 123.07 ± 29.99 120.70 ± 47.8
After-recovery FF-RMST2/T0 (%) 121.37 ± 29.02 94.76 ± 21.

T0, T1, and T2 are the trapezoidal isometric contraction measures at the time of baseline, postcont
*LLL < control, P < 0.005.

1330 Official Journal of the American College of Sports Medicine
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exercise with ischemic preconditioning than that after passive
recovery with sham therapy. With the photobiomodulation ef-
fect, LLL exposure during the postcontraction recovery led to
greater MVC and less force fluctuation in the after-recovery
test. The superior force precision control was attributable to
the recruitment of MU with higher recruitment thresholds
and lower discharge variability.

Rapid return of maximal force for postcontraction
recovery with LLL. Previous systematic reviews have re-
vealed that LLL treatment before and during exercise provides
ergogenic effects to skeletal muscle for performance improve-
ment or fatigue prevention (17,18,32), although the effect
seems to depend on many factors (such as light source, dose,
population, and duration). However, the photobiomodulation
effect of LLL on postexercise recovery has seldom been ex-
plored, especially the effect on the decline in endurance and
postexercise discomfort primedwith ischemic preconditioning
(11–13). Because of low microvascular oxygenation, early fa-
tigue development in local muscle is a potential barrier to mus-
cle training with BFR. Risks associated with excessive met-
abolic stress prevent increases in training volume (33–35)
and/or delay-onset muscle soreness (36) under the hypoxic
condition. The decline in MVC force after strength training
with ischemic preconditioning is of peripheral and/or central
origins, such as the accumulation of lactate (37) and decline
in corticospinal excitability (10). This study also showed evi-
dent postexercise loss of muscle-force production in the sham
and LLL groups after three short bouts of intermittent low-
load resistance exercise with ischemic preconditioning
(Table 1). The MVC of postcontraction was roughly three-
quarters of the baseline MVC.

However, it is worthy of note that exposure to LLL during
the recovery on relaxation could enhance the regenerative pro-
cess, and MVCT2/T0 was significantly greater in the LLL
group in the after-recovery stage (LLL, 86.22% ± 12.59%;
sham, 71.70% ± 13.56%; Table 1). Some photobiomodulation
effects of LLL responsible for soft tissue metabolism can ex-
plain the restoration of after-recovery MVC. First, LLL can
augment cytochrome c-oxidase activity in intact skeletal mus-
cle after irradiation (18,32). Mitochondrial activity is upregu-
lated with increases in the mitochondrial respiratory chain,
adding to ATP production within muscle tissues and offsetting
a detrimental depletion of the muscle energy. Next, LLL
Hotelling T2 Test Post Hoc

4 Wilk Λ = 0.770, P = 0.023 t38 = −0.909, P = 0.369
2 t38 = 0.188, P = 0.852
95* t38 = 3.271, P = 0.002

raction, and after-recovery, respectively. The values in bold format are significant.
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TABLE 3. Contrast of RMS of surface EMG (EMG-RMS) for the LLL and control groups.

Control LLL Hotelling T2 Test Post Hoc

Baseline EMG-RMST0 (μV) 35.80 ± 17.54 37.89 ± 16.32 Wilk Λ = 0.615, P < 0.001 t38 = −0.390, P = 0.699
Postcontraction EMG-RMST1/T0 (%) 77.15 ± 16.72 81.54 ± 12.88 t38 = −0.928, P = 0.359
After-recovery EMG-RMST2/T0 (%) 73.57 ± 14.94 94.33 ± 14.69* t38 = −4.430, P < 0.001

T0, T1, and T2 are the trapezoidal isometric contraction measures at the time of baseline, postcontraction, and after-recovery, respectively.
*LLL > control, P < 0.001.
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enhances the release of nitric oxide (NO) from muscle tissue
and vessel endothelium (38,39). NO produces a potent vasoac-
tive effect, increasing muscle microcirculation at the cellular
level.With NO, earlier recovery of theMU recruitment thresh-
old with LLL can also be ascribed to fast interstitial homeosta-
sis, which contributes sufficient potassium to decrease inhibi-
tory activity (such as group III/IV afferent feedback) on the
central drive (9). In addition, blood lactate is attenuated in fa-
vor of greater force genesis due to improved sensitivity of
myofibrils and Ca2+ uptake (40,41). Increases in ATP produc-
tion and NO release jointly contribute to faster recovery of
MVC force with LLL after ischemic contraction.

Rapid return of force precision for postcontraction
recovery with LLL. Regarding postcontraction recovery,
few works have addressed the restoration of force precision
control because of underlyingmodification of a muscle’s force
output with rate coding or recruitment of the MU, or both. In
reference to baseline force fluctuations, both groups exhibited
postexercise loss of force precision control, as indicated by the
comparably greater FF-RMST1/T0 (Table 2). The increase in
force fluctuations did not vary by group, indicating a tendency
of neuromuscular fatigue (42) in relation to increases in dis-
charge variability for shifts in low-frequency common drive
to MUs (43). Compared with the baseline EMG, both groups
also demonstrated a comparably decreasing trend of EMG am-
plitude (EMG-RMST1/T0) in the postcontraction stage (Table 3),
concomitant with a decline in gross nervous system output.
However, postcontraction recovery of force precision varied
by group. The LLL group regained most of the force precision
control, showing significantly smaller force fluctuations (FF-
RMST2/T0) than those of the sham group in the after-recovery
stage (Table 2).

The increase in force steadiness of the LLL group was phys-
iologically supported by relatively greater EMG-RMST2/T0
(Table 3) for reinstatement of the gross nervous system output
and smaller ISI-CV (Table 4) due to the lower discharge vari-
ability than that of the sham group. Because the MU model
TABLE 4. Means and SD of MU variables for the LLL and control groups.

MU Properties Control

RecTH (%MVC) Baseline (T0) 16.69 ± 13
Postcontraction (T1) 9.69 ± 10
After-recovery (T2) 10.27 ± 12

M-ISI (ms) Baseline (T0) 56.9 ± 18
Postcontraction (T1) 52.6 ± 18
After-recovery (T2) 54.1 ± 15

ISI-CV Baseline (T0) 0.203 ± 0.
Postcontraction (T1) 0.206 ± 0.
After-recovery (T2) 0.208 ± 0.

T0, T2, and T3 are the trapezoidal isometric contraction measures at the time of baseline, postcont
*LLL > control, P < 0.005.
**LLL < control, P < 0.005.

PHOTOBIOMODULATION FOR ISCHEMIC CONTRACTION
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based on computer simulations and experimental findings pre-
dicts that discharge rate variability is a major determinant of
isometric force variability (44,45), the decline in ISI-CV could
be linked to superior force gradation and steadiness for the
LLL group in the after-recovery stage (Table 4). In addition,
LLL intervention during recovery on relaxation globally in-
creased the recruitment threshold (RecTH) of active MU
(Table 4), indicative of a recovery process of neuromuscular
fatigue. It is known that the central nervous system lowers
the recruitment threshold of MU in compensation for diminu-
tion of the force contributions of individualMU so that muscle
force output can be sustained via increasing recruitment of
MU (46,47). Hence, the scenario implies that the central ner-
vous system relatively raises the recruitment threshold of
MU when the twitch force of MU is potentiated with the
photobiomodulation effect for rapid ATP synthesis in the
after-recovery stage (32,43). Probably because the regulation
of the recruitment threshold and rate coding of MUwere inde-
pendent processes (48), we noted an insignificant increase in
discharge rate in the LLL group during the recovery stage rel-
ative to that of the sham group (P = 0.094; Table 4). Neverthe-
less, at least for some participants, an increase in the discharge
rate of MUs in the after-recovery stage could help to smooth
the summation of several twitch forces, resulting in smaller
force fluctuations in the after-recovery stage (Table 2). The
neural adaptation with LLL could increase the central drive
to MU to counter peripheral fatigue and/or negative inhibitory
impacts on the working muscles (30,49) when group III/IV in-
hibitory feedback is down-regulated (9).

Some methodological issues merit concern. First, the rela-
tively small sample size may have caused sampling bias and
unrepresentativeness of our observations in this study. How-
ever, this study has developed initial evidence of the beneficial
effects of LLL irradiation for rapid return of force control after
BFR resistance training. Next, the MU investigated might not
have been identical at each time point (T0, T1, and T2). How-
ever, its possible impact was unlikely to affect the present
LLL Permutation Test

.97 16.23 ± 16.48 P = 0.405

.91 9.98 ± 10.44 P = 0.440

.73 11.61 ± 12.68* P = 0.003

.4 57.4 ± 21.3 P = 0.414

.3 53.5 ± 18.8 P = 0.199

.0 53.0 ± 18.6 P = 0.094
050 0.202 ± 0.054 P = 0.892
055 0.209 ± 057 P = 0.186
048 0.202 ± 0.053** P = 0.004

raction, and after-recovery, respectively.
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results of MU behaviors, as the EMG electrode was not re-
moved from the recording muscle at any time during the
short-period experiment. In addition, the MU behaviors were
estimated based onmore than 1000 decomposedMUwith per-
mutation test. Finally, the effect of LLL on postcontraction
with ischemic preconditioning is still not fully understood, as
we did not repeatedly measure force and MU behaviors until
full recovery.

CONCLUSIONS

Ischemic preconditioning usually brings about early devel-
opment of muscle fatigue during strength training. This study
reveals that LLL therapy has potential to expedite postcon-
traction recovery for low-resistance exercise with ischemic
preconditioning. LLL exposure during recovery on relaxation
improves both force generation capacity and force precision
1332 Official Journal of the American College of Sports Medicine

Copyright © 2023 by the American College of Sports Medicine
control. The improved force precision control is linked princi-
pally to the activation of MUs, with a greater recruitment
threshold with lower MU discharge variability. LLL therapy
has a bioenergetic effect that resuscitates the contractibility
of those MUs susceptible to fatigue and the discharge stability
against exhaustion. It seems that recovery from postcontrac-
tion loss of contractibility may be facilitated with LLL when
strength training with ischemic preconditioning is conducted,
but further studies will be needed to confirm the effect.
This research was supported by grants from the Ministry of Science
and Technology, Taiwan, ROC (MOST 111-2314-B-006-062-MY3 and
MOST 111-2410-H-040-009). The authors have no conflict of interest.
The results of the present study do not constitute endorsement by the
American College of Sports Medicine. The results of the study are pre-
sented clearly, honestly, and without fabrication, falsification, or inap-
propriate data manipulation.
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