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Background/Purpose  
Sports injury induces peripheral and central neurophysiological alterations that influence 
motor control and recovery. The mixed-nerve silent period (SP), a transient suppression 
of voluntary muscle activity after electrical stimulation, reflects multilevel neural 
inhibitory mechanisms involving spinal and cortical pathways. This study aimed to 
elucidate central nervous system (CNS) excitability during muscle output regulation and 
explore neurophysiological characteristics in healthy athletes and contrast with findings 
from an athlete with delayed return to play. 

Study type   
Case report with observational reference data 

Methods  
Fourteen female university basketball players participated; The thirteen participants are 
healthy individuals, able to play without any problems, and one was three months 
post-meniscal repair who was unable to run since her surgery. All participants were 
instructed to maintain 25% maximal voluntary isometric contraction of knee extensors 
for 60 s without visual feedback while seated on the seat of the isokinetic muscle strength 
measurement device. During the task, SP was recorded from the ipsilateral opponens 
pollicis muscle. SP was compared between dominant and nondominant leg conditions 
among healthy participants and contrasted with the postoperative case. Differences 
between limbs were analyzed using paired t-tests, and the postoperative case was 
compared with healthy athletes using a Crawford–Howell modified t-test (p < 0.05). 

Results  
The SPs in healthy athletes were 106.3 ± 7.5 and 103.2 ± 6.5 ms for the dominant and 
nondominant sides, with no significant difference between sides. In the postoperative 
case, the injured (dominant) side exhibited prolonged SP (123.7 ms), deviating by >2 SD 
from healthy values, whereas the noninjured side remained within the normal range. 

Conclusion  
Prolonged SP may reflect enhanced cortical or brainstem inhibition associated with 
neuromuscular control impairment. SP assessment may serve as a neurophysiological 
indicator for evaluating central recovery and readiness to return to sport following injury. 

However, larger prospective studies are needed to confirm its clinical utility. 
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Level of Evidence    
4 

INTRODUCTION 

Anterior cruciate ligament (ACL) injury is one of the most 
common injuries in sports activities that cause functional 
problems, such as knee joint instability and muscle weak
ness, as well as increased risk of reinjury.1 Traditionally, 
functional impairments after ACL injury have been under
stood mainly as issues within the peripheral musculoskele
tal system. However, recent neurological and neurophysio
logical studies have indicated that these dysfunctions may 
stem from alterations in the central nervous system 
(CNS).1‑3 Although evidence mainly comes from animal 
studies, mechanoreceptors have been identified in the ACL, 
which are thought to transmit afferent information on joint 
position and kinesthesia to the CNS.4 Therefore, ACL injury 
may affect not only peripheral structures but also sensori
motor integration mechanisms through afferent input loss. 
Indeed, individuals with ACL injury demonstrate abnormal 
control of quadriceps muscle activity and muscle output 
imbalance during static and dynamic tasks.5 These findings 
are accompanied by adaptations in motor-related brain re
gions and corticospinal excitability alterations.6,7 Studies 
using functional magnetic resonance imaging and transcra
nial magnetic stimulation have reported reduced activation 
in the primary motor and somatosensory cortices, along
side increased activation in subcortical regions, such as the 
cerebellum and basal ganglia, after ACL injury.2,8 These 
neural alterations may extend beyond the injured limb to 
the contralateral intact side,9,10 suggesting that neural 
adaptations following injury occur systemically and bilat
erally. Furthermore, previous studies have reported persis
tent increases in cortical inhibition and deficits in quadri
ceps force control even after ACL reconstruction,11,12 

indicating the importance of neural function evaluation 
during the rehabilitation process. Based on these findings, 
increasing attention has been paid to viewing ACL injury 
not merely as a peripheral joint injury but as a neurophysi
ological dysfunction.13,14 CNS reorganization after periph
eral ligament injuries, such as ACL injury, is thought to 
involve sensory input alteration, cortical inhibition and fa
cilitation imbalance, as well as motor planning and exe
cution network reconfiguration. Incomplete neural adapta
tion in these systems may contribute to residual muscle 
weakness and increase reinjury risk.3,15 In addition, in
creased cognitive-motor interference during simultaneous 
cognitive and motor tasks16 and impaired proprioceptive 
reweighting17 has been reported, indicating progressive 
disruption of sensorimotor integration at the central level. 
Recently, neuron-targeted rehabilitation , motor imagery, 
and brain–computer interface-based interventions have 
been proposed as novel approaches to the restoration of 
optimal neuromuscular control via CNS plasticity modu
lation.15,18 Collectively, these findings suggest that com
prehensive understanding of peripheral and central neuro
physiological changes is essential for addressing persistent 

muscle weakness and functional impairments after ACL in
jury. 

After injury, despite continued effort, the action poten
tials of a voluntarily contracting muscle undergo transient 
suppression after electric stimulation of the mixed-nerve 
innervating that muscle.19 This period or electrical inactiv
ity, referred to as the mixed-nerve silent period (SP), results 
from several physiologic mechanisms.19 Voluntary muscle 
activity is regulated by complex neural control mechanisms 
at the peripheral and central levels. In particular, the elec
tromyographic SP observed after electrical stimulation ap
pears as transient muscle activity suppression following 
supramaximal stimulation of the peripheral nerve. SP ter
mination has been reported to be determined by spinal in
hibitory reflexes dependent on afferent impulses.20 Com
parative studies using cutaneous and mixed-nerve 
stimulation have also been conducted to elucidate the 
mechanisms underlying SP expression. In one study, pa
tients with paroxysmal kinesigenic dyskinesia showed dis
crepancies between the cutaneous SP and mixed-nerve SP, 
particularly characterized by the disappearance of the third 
phase of the mixed-nerve SP and loss of the overlapping 
phase.21 These findings indicate the presence of abnormal 
integration of the spinal interneurons and support the idea 
that SP reflects both peripheral and central integration 
processes. Further studies have investigated the temporal 
characteristics and reexcitation phenomena associated 
with SP during motor control. When a load is suddenly re
leased during voluntary contraction, a transient SP is fol
lowed by the emergence of a high-amplitude motor po
tential known as the terminal volley.22 This reexcitation is 
believed to be mediated by proprioceptive feedback through 
gamma motor neurons, indicating an association between 
spinal reflex loops and fusimotor activity. At the peripheral 
level, tendon vibration and stretching have been investi
gated for their effects on electromyographic responses; 
however, Achilles tendon vibration did not affect the H-re
flex, T-reflex, or SP-related parameters, suggesting limited 
influence of peripheral interventions on SP modulation.23 

During sustained muscle contraction, SP is prolonged at 
30% MVC and shortened during recovery, suggesting that 
fatigue-related changes in central drive influence the in
teraction between peripheral inhibitory and central exci
tatory mechanisms.24 Collectively, these findings suggest 
that SP is not merely an inhibitory response but rather 
a multilevel neural integration phenomenon that involves 
the central, spinal, and peripheral systems. SP has been 
considered to represent a comprehensive index reflecting 
the degree of excitability or disinhibition of the CNS, as it 
encompasses the total circuit time from the point of pe
ripheral nerve stimulation to CNS, including the M wave, F 
wave, and long-latency reflex (LLR).25 Moreover, SP alter
ations following ACL reconstruction have been previously 
reported,26 suggesting that SP can provide a foundation for 
novel approaches in clinical assessment for neurophysiol
ogy and rehabilitation. By integrating current knowledge 
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on central plasticity following ACL injury, with findings 
from SP studies on inhibitory neural mechanisms, it may be 
possible to achieve a more comprehensive understanding of 
the neurophysiological basis of motor control impairment. 
Specifically, this framework posits that sensory input loss 
and motor experience modifications induce reorganization 
of spinal and cortical inhibitory neural networks, resulting 
in deficits in force production and coordinated movement. 
From this perspective, in addition to conventional muscu
loskeletal focused rehabilitation, neuron-targeted rehabil
itation aimed at modulating neuroplasticity is required.20 

Clinically, tissue healing, muscle strength, range of motion, 
and performance tests are often employed to assess return-
to-play following sports injuries. However, muscle strength 
itself can sometimes cause injury, and a smaller range of 
motion may be beneficial in sprinting. Therefore, these may 
be insufficient for recovery and return-to-play. In addition, 
standard performance tests may fail to evaluate the com
plex motor skills required in sports. 

This study aimed to elucidate central nervous CNS ex
citability during muscle output regulation and explore neu
rophysiological characteristics in healthy athletes and con
trast with findings from an athlete with delayed return to 
play. Moreover, this study aimed to describe the neurophys
iological characteristics of a postoperative athlete with de
layed return to sport by comparing her SP findings with 
those of healthy athletes, as a preliminary exploration of 
potential neurophysiological indicators for rehabilitation 
and return-to-sport assessment. 

METHODS 

This study included 13 healthy female university basketball 
players and one postoperative athlete who was evaluated 
three months after right lateral meniscal repair and had not 
yet returned to running. Healthy participants had no cur
rent musculoskeletal symptoms, neurological disorders, or 
recent lower-extremity injuries affecting sports participa
tion. One participant (age, 18 years; height, 174 cm), was 
three months post right lateral meniscal repair, was unable 
to run. 

An a priori power analysis was conducted to determine 
the sample size required to detect a difference in SP be
tween the dominant and nondominant limbs among 
healthy athletes. Based on an expected mean SP of approx
imately 105 ms, a standard deviation of 8 ms, α = 0.05, and 
power = 0.80, the required sample size was estimated to 
be 11 participants. Therefore, this study included 13 par
ticipants, comprising at least 11 healthy individuals. This 
study was approved by the Hokuriku University Research 
Ethics Review Committee for Human Subjects (approval no. 
2023-16, 27/June/2023). All study tasks were conducted in 
accordance with the Declaration of Helsinki. Before the ex
periment, the participants were informed about the study 
details, potential risks, and publication plans with the doc
ument, according to the decision of the Hokuriku University 
Research Ethics Review Committee for Human Subjects. 
Subsequently, they provided written informed consent. 

The muscle output adjustment task was maintaining a 
constant knee extension torque, which was performed one 
side at a time. The participants’ lower limb laterality was 
determined as the side they found easier to kick a ball, des
ignated as the dominant leg. The order of task execution 
was randomized. The task was performed using the BIODEX 
System 4 BDX-4X (Biodex Medical System Inc., USA). The 
participants were seated with their knee flexed at 60°. They 
were instructed to maintain a knee extension torque corre
sponding to 25% of their measured maximal voluntary iso
metric contraction for 60 s. The BIODEX system was syn
chronized with the electromyography measurement system 
Ultium EMG EM-U880 (Noraxon, USA). Torque data from 
BIODEX were imported into Ultium EMG and displayed on 
its connected computer (Figure 1). The participants main
tained their muscle output without visual feedback of their 
torque curve, indicating that the torque was self-generated. 
Muscle output was adjusted based on verbal feedback pro
vided by the same examiner for all participants throughout 
testing to minimize inter-examiner variability. Standard
ized verbal instructions were used throughout testing. 

During the muscle output adjustment task, a mixed-
nerve SP was derived from the ipsilateral opponens pollicis 
muscle using NeuroPack (Nihon Kohden, Japan) (Figure 1). 
The recording conditions for SP measurement were as fol
lows: muscle, opponens pollicis; side, ipsilateral to knee 
extension; contraction intensity, light contraction achieved 
by gently gripping a rubber ball; active electrode, placed 
over the belly of the opponens pollicis muscle; and ref
erence electrode, placed at the distal end of the proximal 
phalanx of the thumb. Electrode placement and recording 
procedures were standardized across participants. The 
stimulation conditions for SP measurement were as fol
lows: median nerve- center of the wrist; intensity- supra
maximal stimulation at 120% of the intensity that produced 
the maximal M-wave amplitude; frequency- 0.5 Hz; dura
tion- 0.2 ms. To improve measurement stability, SP record
ings were obtained 16 times under each condition. This is 
because standard neurophysiological evoked electromyog
raphy tests typically involve 16 repetitive stimuli. Stimu
lation intensity was adjusted individually to ensure supra
maximal stimulation throughout the test. The obtained 16 
recorded SPs were measured, and their average was used as 
the representative value for each condition. Based on the 
obtained results, the SP values of the dominant and non
dominant legs were compared among healthy participants 
(n = 13). In addition, the SP values of the single case sub
ject were compared with those of the healthy participants. 
Specifically, the comparison was made between the domi
nant (injured/surgical) and nondominant legs and between 
the nondominant (uninjured) and nondominant ones. 

STATISTICAL METHODS 

Statistical analyses were conducted using SPSS (version 
31.0.0.0, IBM, Armonk, NY, USA). To compare the SP be
tween the dominant and nondominant legs of the healthy 
participants, normality was first evaluated using the 
Shapiro–Wilk test. Normality was confirmed (n = 13; domi
nant leg, p = 0.164, and nondominant leg, p = 0.838); there
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Figure 1. Experimental landscape in this study      
Left figure shows the task setting with BIODEX and SP recording. Red circle shows the conditions of SP recording, enlarged in the right figure. 

fore, a paired t-test was conducted for further analysis with 
a significance level set at 5%. Furthermore, as the data of 
healthy participants were normally distributed, the case’s 
data were compared by evaluating the extent of deviation 
from the healthy participants’ mean values. In addition, be
cause the study included a single postoperative case com
parison with the small healthy reference sample, a Craw
ford and Howell modified t-test was additionally performed 
to evaluate whether the case’s SP value significantly devi
ated from the normative distribution. The analysis was con
ducted using Singlims_ES software developed by Crawford 
and colleagues.27,28 Statistical significance was set at p < 
0.05. 

RESULTS 

The healthy reference group consisted of 13 female univer
sity basketball players (age, 19.6 ± 1.1 years [range, 18–22 
years]; height, 164.2 ± 5.5 cm [range, 156–173 cm]). One ad
ditional athlete was evaluated three months after meniscal 
repair who had not yet returned to running (age, 18 years; 
height, 174 cm). Figure 2 presents an example of typical 
electromyography waveforms obtained in this study. The 
waveforms show that the SP was recorded with good repro
ducibility. The SP for the healthy participants’ dominant 
leg was 106.3 ± 7.5 ms, whereas that for the nondominant 
leg was 103.2 ± 6.5 ms. On the other hand, in the partici
pant who was three months post right meniscal repair (Case 
subject), the injured leg, which was the dominant leg had 
an SP of 123.7 and the noninjured leg side, (nondominant 
leg) showed SP of 110.8 ms, 110.8 ms. No significant dif
ference was observed in the SP between the dominant and 
nondominant legs of the healthy participants (Table 1). For 
the single subject case, no differences were observed in the 
noninjured (nondominant) leg compared with the nondom

inant leg of the healthy participants. However, for the in
jured (dominant) leg, the results deviated by >2 SD from the 
data of the healthy participants’ dominant leg (Figure 3). 
And the SP for injured (dominant) leg demonstrated signifi
cantly prolonged SP compared with the healthy athlete ref
erence sample (t = 2.236, two-tailed p = 0.045, effect size Z-
CC = 2.320). 

DISCUSSION 

As noted previously, a transient suppression of muscle ac
tivity, referred to as the mixed-nerve SP, occurs after elec
trical stimulation of the innervating nerve during sustained 
voluntary contraction and is attributed to several physio
logical mechanisms.19 The SP analyzed in this study en
compasses the M wave, F wave, and LLR. The M wave re
flects the conductive properties of the peripheral nerve and 
the physiological state of the muscle.29‑31 The F wave rep
resents the excitability of spinal motor neurons,32 whereas 
LLR indicates the excitability of the brainstem or motor 
cortex.33‑35 Accordingly, SP variations are considered to re
flect the level of facilitation within the brainstem or motor 
cortex, influenced by muscle spindle activity, Golgi tendon 
organ inhibition, recurrent spinal inhibition, and cortical 
inhibitory mechanisms.34,36‑38 In particular, SP recorded 
from the upper limbs includes long-latency components 
involving supraspinal pathways, the measurement was in
tended to reflect generalized CNS excitability modulation 
during motor output regulation rather than local lower-
limb peripheral function alone. Consequently, SP variations 
are considered potential indices of changes in central ex
citability, reflecting both facilitatory and inhibitory 
processes within the brainstem or motor cortex. Based on 
the concept that SP is used to evaluate brainstem and cor
tical facilitation in physical therapy and to examine neu
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Figure 2. Typical Waveforms   
The figure shows 16 recorded waveforms superimposed. 

Table 1. SP for the healthy participants      

　 Mean SD 
95% confidence interval 

p value Cohen's d 
lower limit upper limit 

dominant legs 106.3 7.5 101.8 110.9 
0.12 8.01 

nondominant legs 103.2 6.5 99.3 107.1 

Figure 3. Results  
The bar graph shows the mean and standard deviation for healthy subjects. 
The orange diamond-shaped dots indicate the data of the single injured athlete. 
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romuscular function in healthy individuals under various 
conditions, baseline data from healthy subjects were col
lected and compared with data from the patient who un
derwent lower limb surgery. The authors plan to continue 
additional basic research to use SP as a tool for assessing 
recovery status and return-to-play indicators in athletes re
covering from injury.25,26,38‑44 

The outcomes of this study demonstrated that the SP of 
the ipsilateral opponens pollicis muscle measured during 
isometric knee extension at a constant intensity showed 
values comparable to those observed in previous studies in
volving healthy individuals.39,44 No significant difference 
in SP was observed between the dominant and nondomi
nant legs among athletes belonging to a single competitive 
team. These findings suggest that CNS excitability during 
the motor task was comparable between these healthy ath
letes and the general healthy population. This consistency 
may be considered one of the strengths of this study, as 
it indicates methodological reproducibility across popula
tions and supports the validity of SP parameters as stable 
neurophysiological indicators. 

Contrarily, in the single case of an athlete who had un
dergone meniscal repair and was unable to resume running 
despite passing the expected return-to-sport period, the 
SP on the noninjured leg showed values nearly identical 
to those of healthy athletes (within 2 SD), whereas the SP 
value on the injured side deviated by >2 SD from the mean 
of the healthy group, a moderate deviation from the distri
bution observed in healthy athletes. As the results for the 
healthy participants were assumed to follow a normal dis
tribution, approximately 95% of the data would fall within 
the range of the mean ± 2 SD. In clinical neurophysiology, 
values exceeding approximately 2 standard deviations from 
normative means are commonly interpreted as being out
side the expected reference range, assuming normal distri
bution of the data.45 Thus, an SP exceeding the mean + 2 
SD indicates a high likelihood of being an outlier, imply
ing that this single athlete may demonstrate properties dif
ferent from those of healthy athletes. This interpretation is 
supported by the results of the Crawford and Howell mod
ified t-test. Furthermore, because SP reflects the excitabil
ity and inhibitory mechanisms of the CNS at supraspinal 
levels, a prolonged SP of >2 SD suggests the possible oc
currence of CNS excitability alterations, potentially involv
ing polysynaptic reflex pathways within suprabrainstem re
gions. However, since fluctuations in SP may be influenced 
by changes in central nervous system excitability resulting 
from variations in effort level (% maximum effort) during 
muscle contraction, this study must take into account the 
effort level of the knee extensor muscles during task perfor
mance, particularly in the healthy subjects. In this experi
ment, the authors adopted a methodology consistent with 
their previous studies.26,38‑40,43,44 Given that the output 
level was light (25%) and the SP measurement time (dura
tion of knee extensor output) was 32 seconds, the influence 
of fatigue, which would be reflected in changes in effort 
level, is believed to be minimal. 

This observation highlights a potentially clinically sig
nificant outcome—namely, that SP assessment may help 

detect subtle post-injury neuromuscular dysfunction not 
captured by conventional return-to-sport criteria, repre
senting another strength of this study. Conventional re
turn-to-sport evaluations often emphasize peripheral fac
tors such as muscle strength, joint range of motion, and 
performance tests. However, these assessments may not 
fully capture residual alterations in central motor control 
and inhibitory processing. The present findings suggest 
that SP assessment may provide supplementary neurophys
iological information regarding motor output regulation 
during rehabilitation after sports injury. 

However, some weaknesses and limitations must also be 
acknowledged. Notably, although the number of partici
pants in this study was determined based on power analy
sis, the final sample size was close to the minimum value 
required. This may limit the sensitivity of the study to de
tect subtle differences in SP between conditions or sub
groups. And also, although the SP has long been a widely 
used measure in the field of clinical neurology, the fact that 
its test-retest reliability has not been assessed remains a 
challenge for future research. Additionally, the use of a sin
gle athletic team limits generalizability to broader athlete 
populations or different sports, and the absence of longitu
dinal assessment in the postoperative athlete limits inter
pretation of how SP may change throughout recovery. 

Although this study focused on basketball athletes and a 
single postoperative meniscal injury case, altered CNS ex
citability and sensorimotor dysfunction have also been re
ported in various musculoskeletal and sports-related con
ditions. Therefore, SP assessment may have broader 
applicability as an exploratory neurophysiological measure 
across different sports and injury categories. Nevertheless, 
further studies involving larger and more diverse cohorts 
(especially including greater numbers of injured athletes) 
are required before clinical generalization can be estab
lished. 

CONCLUSION 

The results of this study indicate that SP values were sym
metrical between the dominant and nondominant limbs 
in healthy athletes, whereas prolonged SP was observed 
in the postoperative athlete with delayed return to sport. 
These findings may reflect altered CNS excitability associ
ated with incomplete recovery during muscle output regu
lation. 

While the outcomes of this study provide supportive evi
dence for the usefulness of SP as a neurophysiological mea
sure of CNS excitability in athletes, future research with 
larger heterogeneous samples, longitudinal assessment de
signs, and clinical outcome correlations will be necessary to 
further validate its applicability in rehabilitation and per
formance evaluation contexts. Finally, because the present 
interpretation is based on a single postoperative case, the 
findings should be considered hypothesis-generating rather 
than confirmatory. 
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