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Abstract 

Background: Strength-Duration (S-D) assessment is commonly used in clinics to examine the 
excitability of peripheral nerves and muscles. Yet, how changes in neuromuscular excitability relates 
to improved athletic and muscular performance in healthy subjects remains poorly understood. 
Therefore, the aim of the study was to evaluate the electrophysiological changes in neuromuscular 
excitability in the vastus medialis (VM) muscle, using the S-D assessment, following a back squat 
conditioning activity (BS-CA) protocol designed to elicit a post-activation potentiation (PAP)/post-
activation performance enhancement (PAPE) effect. Methods: Eleven athletic males were included 
in this study. All subjects performed two trials: one examining their BS one-repetition maximum (1 
RM) and a main experiment. During the main experiment, baseline levels of rectangular rheobase (R-
RIC), triangular rheobase (R-DIC) and chronaxie was collected from the VM muscle, following a 
standard warmup. Subsequently, the subjects performed three warmup BS-sets and executed a top 
set of five repetitions (reps) at 80% of 1RM. Afterwards, R-RIC, R-DIC and chronaxie was reassessed 
for pre and post analysis. Based on these S-D curve (SDC) parameters, the muscle adjustability 
quotient (MAQ) and threshold charge (Q) was also computed and compared. Results: The R-RIC, R-
DIC and Q were all significantly higher following the BS-CA, compared to pre-intervention (p < 
0.001). No significant differences were observed for the chronaxie and MAQ (p > 0.05), although an 
increasing trend was noted (p = 0.054). Conclusions: Based on the findings from this study, the 
neuromuscular excitability in the VM muscle can be acutely altered following a BS-CA-protocol. 
However, these changes seems to be more related to muscle fatigue than PAP/PAPE. Nevertheless, 
S-D assessment may broaden our understanding of the fatigue process during exercise. 

Keywords: post-activation potentiation; electrophysiology; electrodiagnosis; strength-duration 
properties; post-activation performance enhancement 
 

1. Introduction 

It is well established that the contractile force of skeletal muscles depends on the synaptic 
transmission at the neuromuscular junction (NMJ) and various membrane characteristics [1–3]. They 
regulate the initiation and propagation of action potentials, which in turn controls calcium ion (Ca+) 
release from the sarcoplasmic reticulum (SR), the formation of cross-bridge cycle and ultimately 
contractile force [1,4,5]. Alterations in the neuromuscular/membrane excitability, such as higher 
threshold current and a reduced availability of voltage-gated sodium channels (VGSCs), have been 
demonstrated to impair action potential generation and transmission along the sarcolemma and T-
tubules [6–8]. This in turn impedes the excitation–contraction coupling process, reducing SR Ca+ 
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release [7,8] and consequently actin-myosin cross-bridge formation, and the production of muscle 
force [6,7]. 

Several neuromuscular disorders are caused by NMJ dysfunction and alterations in membrane 
function, resulting in muscle weakness [9], disability [10] and reduced quality of life [11]. 
Electrodiagnostic measures, such as evaluating strength-duration (S-D) properties, has been used as 
a feasible, non-invasive tool to examine neuromuscular excitability and related aspects of membrane 
function in clinical seĴings [11–13], and as part of electrotherapy for rehabilitation [14]. Two of the 
most common S-D curve (SDC) parameters are the rheobase and chronaxie [12,14], often denoted by 
Irh and τch, respectively [15,16]. The rheobase is normally defined as the minimum current required to 
elicit an action potential with a stimulus of infinite (or very long) duration, sometimes referred to as 
rectangular rheobase (R-RIC) [17,18]. The chronaxie, in contrast, refers to the minimum duration 
required to excite the tissue using a current twice the R-RIC [18,19]. Depending on the evaluation 
procedure and objective, the triangular rheobase (R-DIC) may also be examined, defined as the 
minimal peak current of a linearly increasing (ramp) stimulus required to elicit a detectable response 
[13,17]. 

These SDC parameters provide us with a quick overview of the excitability of peripheral nerves 
and muscles, including different neuromuscular disturbances [12,13,20] that can impair a patient’s 
movement quality and overall muscle strength [9,10]. For a broader understanding of the 
electrophysiology of motor nerves and skeletal muscles, the threshold current, and accommodation 
quotient or muscle adjustability quotient (MAQ) can also be computed [15,18,20]. The threshold 
current, referring to the minimum current needed for excitation at a given duration [21], provides 
insights into the excitability of nerves/muscles [22–24] and can be used to monitor physiological states 
(i.e. fatigue and electrolyte imbalances) [23–25]. Different mathematical equations can be used to 
calculate the threshold current [15,21], but Weiss’ equation has been considered to be one of the best 
to explore longer and shorter stimuli currents [15], commonly referred to as the threshold charge (Q) 
[20,26,27]. Similarly, the MAQ helps clinicians/researcher’s understand the membranes 
accommodation capacity (i.e. how the membrane respond to currents rising slowly compared to 
abruptly) [13,18], which is useful for evaluating if the muscle is healthy or paretic. Furthermore, while 
these SDC parameters have been used in clinical [12,21] and rehabilitations seĴings [14,17], to the 
best of our knowledge, there is lack of data regarding how these parameters are influenced by 
physical activity in healthy subjects, especially exercise-protocols designed to optimize athletic and 
muscular performance. 

It is for instance well known that a warmup can enhance muscular performance via increased 
blood flow [28], motor unit discharge rates [29], speed of nervous impulses [28], and improved 
contractile force via muscle potentiation [30], often referred to as post-activation potentiation (PAP) 
[30,31]. Historically, the PAP phenomenon was confirmed by assessing the maximum twitch force, 
or peak twitch torque (PTT), elicited by supramaximal electrical stimulation [31], with increased 
expression of myosin regulatory light chain (MRLC) phosphorylation being believed to be the 
primary mechanism [31–33]. Mechanistically, a higher expression of MRLC phosphorylation causes 
structural changes in the myosin heads (such as improving their mobility), allowing them to move 
closer to the actin binding sites [4,31]. This sequentially allows the same SR Ca+ release (during a 
contraction) to produce a greater number of active cross-bridges, enabling more force production for 
the same Ca+ concentration (i.e. increased Ca+ sensitivity) [4,30], and ultimately enhances the rate of 
force development [4,31]. Thus, although, research and applied professionals have employed several 
warmup strategies with the goal of optimizing the PAP effect [30], there has been conflicting data 
regarding how changes in neuromuscular excitability modulates the PAP phenomenon [34,35]. For 
example, an experimental study by Hodgson and colleagues [34] demonstrated that the compound 
muscle action potential (M-wave) amplitude (reflecting changes in sarcolemmal excitability) in the 
soleus was acutely increased following a warmup strategy or conditioning activity (CA), consisting 
of a set of plantar flexion isometric maximum voluntary contraction (MVC) combined with explosive 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 April 2026 doi:10.20944/preprints202604.1415.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1415.v1
http://creativecommons.org/licenses/by/4.0/


 3 of 16 

 

plantar flexion. Notably, this M-wave enlargement coincided with the highest PTT enhancement 
observed 2-30s post-CA (i.e. a PAP response). 

Although this transient rise in M-wave size has been noted by several researchers [35,36], and 
even been coined M-wave potentiation [35,37], it’s interpretation and physiological meaning has been 
largely distinct [6,35,38]. For instance, some have postulated that it may, at least partially, contribute 
to the PAP response [36,39], be a simple motion artifact from the electrodes [35], and others have 
proposed that it may be related to muscle fatigue [38]. However, it is also equally common to see a 
largely unaffected and relatively stable M-wave, while different muscle performance outcomes are 
acutely enhanced [32,40,41]. Part of these differences could be related to how the PAP response was 
defined, as improvements in stimulated muscle contraction can occur independent of changes in 
voluntary contraction [31]. The PAP response have been found to be highest immediately post an 
isometric MVC-CA protocol, and drops exponentially over time [31,32,35], while acute 
improvements in voluntary muscular performance usually peak 5-10 min post the CA [31,39]. Hence, 
in recent years, the term post-activation performance enhancement (PAPE) has more commonly been 
used to describe acute improvements in voluntary muscular performance following different CAs 
[33,42], especially when the PAP response is not directly confirmed with a twitch verification test 
[31,42]. 

However, a classical CA-protocol that has been postulated to elicit both a PAP and PAPE 
response during different ballistic movements is heavy loaded back squats (BS) [43–45]. For instance, 
Mina and colleagues [44] observed acute improvements in peak power output and rate of force 
development during a countermovement jump 30 seconds to 12 minutes post a BS-CA protocol, 
specifically when using variable resistance. Further, although, several studies have actually evaluated 
the M-wave in various muscles when measuring the PAP response [34,40,41], there is very limited 
data regarding how it relates to PAPE. Moreover, the equipment required for accurate M-wave 
assessment (incl. the surface electromyography system) can be expensive [46] and is less portable 
compared to electrodiagnostic stimulators used to examine neuromuscular excitability via S-D 
properties . 

Having a greater understanding of how electrophysiology relates to PAP/PAPE and if 
electrodiagnostic stimulators can be used, may not only help us optimize performance and reduce 
unnecessary muscle fatigue, but also reduce musculoskeletal injuries, and thus a large economic 
burden. According to demographic data, it has been estimated that musculoskeletal injuries provide 
an economic burden of roughly $980 billion per year in the US [47]. Clinically, this may also be of 
great value for evaluating the rehabilitation process after injury. Thus, the aim of the study was to 
evaluate the electrophysiological changes in neuromuscular excitability in the vastus medialis (VM) 
muscle, using the S-D assessment, following a BS-CA protocol designed to elicit a PAP/PAPE effect. 

2. Materials and Methods 

2.1. Subjects 

Eleven athletic male university students, aged 19.2 (± 1.9) with no known history of neurological 
or musculoskeletal impairments, volunteered for this study. All subjects had at least 2 years of 
resistance training experience, and were given oral and wriĴen explanation of the testing procedures. 
They also signed a wriĴen consent prior to volunteering. Furthermore, all subjects were instructed to 
avoid strenuous exercise, alcohol and stimulants for at least 72 hours prior to testing. This study was 
conducted as a part of a larger research project approved by the Bioethics commiĴee, Department of 
Physical Education and Sports Science, University of Thessaly (protocol code 2091 and date: 
8/02/2023). The present sub-study falls within the scope of the original ethical approval, with the 
study conducted in accordance with the Declaration of Helsinki.  
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Table 1. Characteristics of the subjects (n = 11). 

Characteristics (Mean ± SD) 
Age (years) 19.6 ± 1.5 
Height (cm) 175.6 ± 3.5 
Weight (kg) 78.3 ± 13.8 

Note: SD = Standard Deviation 

2.2. Experimental Design 

2.2.1. Overview 

A within-subjects design was used to assess differences in neuromuscular excitability in the 
vastus medialis (VM) muscle before and after a PAP/PAPE inducing BS-CA protocol, using an 
electrodiagnostic stimulator (ELETTRONICA PAGANI, ™ Paderno Dugnano, Italy). Prior to the 
main experiment, anthropometrics was collected, in addition to evaluating the subjects maximum 
strength (one-repetition maximum (1-RM)) on the back squat (BS). This was separated by at least 72 
hours from the main experiment to minimize the effect of neuromuscular fatigue [48]. During the 
main experiments, the participants perform three low to medium intensity warmup BS-sets and 
executed a top set of five repetitions (reps) at 80% of 1RM. This have been demonstrated to be heavy 
enough to induce a potent PAP/PAPE effect [49,50]. Additionally, R-RIC and R-DIC was measured 
from the VM muscle, pre and post the BS-intervention (described later). 

2.2.2. One Repetition Maximum Back Squat Assessment 

The 1-RM BS-protocol was adopted from Mina and colleagues [44] The subject initially 
performed a standard warm-up using a stationary bike (Monark 874E, Varberg, Sweden) at 65 rpm 
with a 1-kg load for 5 minutes, followed by 1 set of 10 BS reps using a standard 20-kg Olympic bar. 
The subjects then completed 5-6 reps of the squat lift exercise at 50% of their estimated 1-RM load, 
before the load was increased by 10-20% for 3-5 reps, and by a further 10-20% for 2-3 reps with a 2–
3-minute rest interval between sets. The final load was increased by 10%. If the set felt easy and the 
subjected maintained strict form, 5% was added for each consecutive 1-RM aĴempts, until failure or 
a challenging set was reached, resting 3-5 mins between aĴempts. The heaviest successful aĴempt 
was recorded as their 1-RM squat load. To control the technique, subjects were instructed to place the 
bar above the posterior deltoids at lower neck region (around C7 level) and aĴempt to squat to a 
position where the knee was flexed to ~90 ° before returning to a standing position. This was visually 
assessed by a coach having an Olympic Weightlifting Certification to ensure safe and correct lifting 
technique. 

2.2.3. Main Experiment - Back Squat Protocol 

During the main experiments the subjects performed a task-specific warm-up consisting of 5 
minutes of cycling (see subsection 2.2.2), followed by 1 set of 10 reps repetitions using a standard 20-
kg Olympic bar. Subsequently, three additional warmups sets were performed at 50%, 60-65%, 70-
75% of the previously determined 1-RM load for six, five and five reps respectively (see Table 2). The 
last and top set was performed at 80% of 1 RM for five reps.  
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Table 2. A warmup protocol for eliciting a PAP/PAPE effect. 

Specific Warm Up Conditioning Protocol – For Back Squats 

Intensity (% of 1RM) Reps Rest/set 

<50 (20 kg) 10 2 

50 6 2 

60-65 5 3 

70-75 5 3 

80 (Top Set) 5  

2.2.4. Collection of Rheobase Parameters and Chronaxie 

An electrodiagnostic stimulator was used to examine neuromuscular excitability in the VM 
muscle via S-D properties. The skin was shaved, abraded, and cleaned with alcohol, prior to placing 
bipolar adhesive surface electrodes (Noraxon Dual Electrodes, Ag/AgCL snap, Noraxon USA, Inc, 
ScoĴsdale, AZ) on the belly of the VM muscle. Specifically, the anode (reference electrode) was placed 
over the proximal region of the anterior thigh, proximal to the motor point of the VM. The cathode 
(active electrode) was placed directly over the distally located motor point of the VM, corresponding 
to the region of the VM, as previously described by BoĴer and colleagues [51]. For the rheobase 
measurement, the R-RIC was assessed before and immediately after the squat-intervention using a 
1000 ms duration square-wave current pulse, while R-DIC was assessed using a 1000 ms duration 
triangular-wave current pulse (linearly increasing), respectively. In both rheobase conditions, the 
stimuli were separated by a 2 s inter-stimulus (rest). Furthermore, the current increased from 0 to 35 
mA in 1 mA increments until a slight but apparent muscle contraction was visible. For the chronaxie, 
the pulse duration was decreased from 0.1 ms to 0.5 ms in 0.05 ms increments, until a consistent 
visible muscle contraction was observed. 

2.3. Formulas for Threshold Charge and Muscle Adjustability Quotient 

The threshold current was calculated using Weiss formula, corresponding to the threshold 
charge (Q) as described by Weiss’s law. The Q represents the minimal charge delivered at a given 
stimulus duration needed to elicit an action potential or observable muscle contraction. Weiss 
formula is often calculated using the following equation (Weiss, G. 1901) 

Q = Irh (t + τch) 
Where Irh is the R-RIC in mA, t is the stimulus duration and τch is the chronaxie are in ms, 

respectively. The Q is accordingly expressed in mA ⋅ ms, corresponding to microcoulomb (µC) which 
is a standard unit of electric charge (Kloth 2014) and commonly used in electrophysiology studies 
[21,52,53]. In contrast, the muscle adjustability quotient (MAQ) was determined from the R-RIC and 
R-DIC measurements to evaluate the accommodation properties of the neuromuscular system. This 
ratio reflects the ability of the membrane to respond to currents rising slowly (triangular) compared 
abruptly (rectangular) [13,18]. MAQ was calculated using the following equation. 

MAQ = ோି஽ூ஼
ோିோூ஼
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Figure 1. An overview of the Strength-Duration Curve. 

2.4. Statistical Analysis 

The data are presented as means ± standard deviations (SD) unless otherwise stated. The 
differences between pre-intervention and post- intervention were normally distributed and was 
checked using the Shapiro–Wilk test. A paired t-tests were carried out to compare the means of each 
SDC parameters, respectively. Effect sizes (Cohen’s d) were calculated to characterize the magnitude 
of the observed differences, and were interpreted following conventional guidelines: 0.2 = small, 0.5 
= medium, 0.8 = large. All statistical analyses were executed using SPSS ver. 31.0 statistical program 
for MacOS (SPSS Software, IBM Inc., Chicago, IL, USA). The level of significance was set at p < 0.05. 

3. Results 

3.1. Rheobase Parameters and Chronaxie 

There was a significant difference in all rheobase parameters post the BS-CA protocol. 
Specifically, the R-RIC was significantly higher following the BS-intervention (M = 8.83, SD = 2.15) 
compared to pre-intervention (M = 4.56, SD = 1.45), t(10) = -9.150, p < 0.001, d = 2.8. Similarly, a higher 
R-DIC was noted following the BS-CA protocol (M = 26.18, SD = 4.6) compared to pre-intervention 
(M = 14.01, SD = 4.2), t(10) = -7.037, p < 0.001, d = 2.1 (see Figure 2). Although, no significant differences 
were observed between the chronaxie values pre and post the intervention, a trend was observed (see 
Figure 3). In particular, following the BS-intervention, the mean chronaxie was trending towards a 
higher value (M = 0.27, SD = 0.13) compared to the pre-intervention (M = 0.20, SD = 0.13), t(10) = -2.19, 
p = 0.054, d = 0.66 (see Table 3). 
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Figure 2. Bar graph illustrating changes in rheobase parameters following the squat protocol. * = P <.001 
compared to pre-intervention. 

Table 3. Characteristics of Rheobase Parameters and Chronaxie; Values are means ± SD. R-RIC = Rheobases at 
rectangular current (mA), R-DIC = Rheobases at triangular pulse (mA), τch = Chronaxie (ms). 

Parameter Trial Cohen’s d p-value 

 Pre (n = 11) Post (n = 11)   

R-RIC (mA) 4.56 ± 1.45 8.83 ± 2.15 2.8 <0.001 

R-DIC (mA) 14.01 ± 4.2 26.18 ± 4.6 2.1 <0.001 

τch (ms) 0.20 ± 0.13 0.27 ± 0.13 0.66 0.054 

 

Figure 3. Box plot demonstrating a trend towards a higher chronaxie value following the squat protocol. 
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3.2. Threshold Charge and Muscle Adjustability Quotient 

No significant differences was observed for the MAQ post-intervention (M = 3.05, SD = 0.54) 
compared to pre-intervention (M = 3.12, SD = 0.34), t(10) = 0.53, p = 0.61, d = 0.16. Interestingly, 
however, there was a significant change in the Q pre and post the BS-CA protocol (see Figure 4). 
Specifically, the mean Q was notably higher in the post squat-intervention (M = 627.36, SD = 231.13) 
compared to pre-intervention (M = 293.14, SD = 192.78), t(10) = -4.48, p < 0.001, d = 1.4 (see Table 4). 

Table 4. Characteristics of Threshold Charge and Muscle Adjustability Quotient; Values are means ± SD. Q = 
Threshold charge (µC), MAQ = Muscle Adjustability Quotient. 

Parameter Trial Cohen’s d p-value 

 Pre (n = 11) Post (n = 11)   

Q (µC) 293.14 ± 

192.78 

627.36 ± 231.13 1.4 <0.001 

MAQ  3.12 ± 0.34 3.05 ± 0.54 0.16 0.61 

 

Figure 4. The box plot reveal differences in threshold charge following the squat protocol. * = P <.001 compared 
to pre-intervention. 

4. Discussion 

The purpose of this study was to evaluate the electrophysiological changes in neuromuscular 
excitability in the VM muscle, using the S-D assessment, following a BS-CA protocol designed to elicit 
a PAP/PAPE effect. The findings from our study suggest that the neuromuscular excitability of the 
VM can be acutely altered, following a standard PAP/PAPE inducing CA protocol. Paradoxically, 
however, our study revealed that rheobases parameters (i.e. R-RIC and R-DIC) and the Q in the VM 
muscle increased after the BS-intervention (see figures 2 and 4), indicating reduced neuromuscular 
excitability [54] and presumably muscle fatigue [23]. While no differences were observed for the 
chronaxie, there was a trend towards a higher chronaxie in the VM following the BS-intervention (see 
Figure 3), pointing towards slower membrane dynamics and responsiveness [19]. Interestingly, 
however, the MAQ remained stable throughout the intervention, implying that the membrane 
accommodation properties were still preserved [13]. 

This is in line with earlier studies suggesting that neuromuscular excitability and related aspects 
of membrane function are not directly involved with the PAP/PAPE phenomenon [40,41,55] but 
contradicts the notion that neuromuscular excitability are not altered after a CA protocol designed to 
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induce PAP/PAPE [55,56]. Previous research have consistently shown that sarcolemma excitability 
(via recording M-waves) in the VM [41], but also in the vastus lateralis [40] and soleus [32], tend to 
remain stable after a CA-protocol, while there is an observable improvement in twitch force [40,41] 
or voluntary performance outcomes [32,40] (i.e. PAP and PAPE, respectively), implying that acute 
improvements in muscular performance can occur independent of evident changes in neuromuscular 
excitability. 

Intriguingly, however, a transient ‘M-wave enlargement’ have also been noted by several 
researchers, following different CA-protocols [34,35], which has commonly been referred to as M-
wave potentiation [35,37]. Although, there has been mixed interpretation about this M-wave 
phenomenon [6,35,36], it is clear that it can also occur following a fatigue-inducing exercise protocol 
[6,57]. An experimental study by Bigland-Ritchie and colleagues [57] demonstrated that a continuous 
MVC protocol of the adductor pollicis muscle for 1-minute, impaired force by 40-60% while the M-
wave size (elicited via a single supramaximal stimulus) increased. 

Furthermore, more recently it has been suggested that an increase of the M-wave size may in 
fact reflect excitability disruption, via a prolonged transmembrane potential [58,59]. This broadening 
of the intracellular potential has been demonstrated to be related to increased extracellular potassium 
concentrations ([K+]0) [58,60], which is elevated during intense exercise and is believed to be a major 
cause of muscle fatigue [6,61,62]. Thus, a reduced neuromuscular excitability, which can be presumed 
through a higher R-RIC, R-DIC and Q, can clearly be a sign of muscle fatigue. Furthermore, based on 
the work of Sale [63], it has been well recognized for decades that the PAP/PAPE effect and muscle 
fatigue normally coexist, and that the dissipation of fatigue needs to be greater than the decay rate of 
PAP/PAPE, for the involved muscles to be in a net potentiated state [63–65]. Hence, although it is 
unclear if the CA-protocol in our study resulted solely in more fatigue than muscle potentiation in 
the VM muscle, earlier research suggests that M-wave potentiation can coincide with both PAP/PAPE 
[34,36] and muscle fatigue [6,58], implying that it is still possible to observe markers of fatigue (e.g. 
reduced neuromuscular excitability) following a CA-protocol, independent of any evident 
PAP/PAPE effect. 

Therefore, while evaluating S-D properties may provide minimal mechanistic insights into the 
PAP/PAPE phenomenon, they may broaden our understanding of the fatigue process. For instance, 
a recent pharmaceutical study by Rocchi and co-worker [66] demonstrated that taking sodium 
channel blockers, such as lacosamide, consistently raised the rheobase levels relative to a placebo or 
carbamazepine. The authors in this study proposed that this were due to the blocking action on 
VGSCs, which earlier work have noted are critical for regulating axonal excitability [67,68]. 
Additionally, an ex vivo experiment demonstrated that tetrodotoxin (a potent neurotoxin) directly 
inhibited several sodium channels, including Nav1.7, and this was linked with a higher rheobase, 
reduced neuronal firing rate and reduced nociceptor excitability [69]. Furthermore, during intense 
fatiguing muscular activity, it is also well established that [K+]0 not only increases, but there is also a 
reduction in intracellular K+ concentration ([K+]i), which together (via the K+ gradient) depolarizes the 
resting membrane potential [62]. Based on in vitro experiments, depolarization can sequentially 
reduce the availability of VGSCs by promoting channel inactivation [70,71]. This reduction of 
available VGSCs leads to a decrease in sodium current [70], which has been shown to be reflected by 
an increased rheobase [72], Q [73] and a reduction in overall neuromuscular/membrane excitability 
[6,70,72,73].Thus, although not directly evaluated, we can postulate that the BS-CA-protocol may 
have been adequately fatigue-inducing to acutely raise [K+]0 and reduce [K+]i, and this consequently 
increased the R-RIC, R-DIC and Q in the VM in our study (see figures 2 and 4). 

Additionally, based on previous studies, a higher rheobase and Q, is also evident of a higher 
electric impedance [74] and signifies that a greater amount of electrical input is required to reach 
depolarization threshold [26,73], both resulting in reduced neuromuscular/membrane excitability 
[73,74]. While no changes was observed for the chronaxie, the trend pointed towards a higher value 
following the BS-CA protocol, inferring a slower membrane response [19]. Although, it is less clear 
how inactivation of VGSCs relates to the chronaxie, experimental data grounded from in vitro studies 
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suggests that the chronaxie can also be altered, at least when using cultured hippocampal neurons 
from rats [75]. 

These discrepancies in our findings can in part be aĴributed to how the chronaxie were collected 
or computed (e.g., extracting it from the SDC vs equating it to the membrane time constant) and 
differences in cellular geometry [75,76]. Interestingly, we also found that the MAQ were unaffected 
by the BS-CA protocol, implying that the membrane accommodation properties were still preserved 
[13]. Based on previous literature [13,18], the subjects in our study were within the lower of end of 
the healthy range (for reference, see Figure 1) on average (see Table 4), pointing towards more 
excitable tissues than the general population. 

As the subjects in our study were healthy, athletic and resistance trained, and most in vivo 
human research (using electrodiagnostic tests) has been conducted on patients with neuromuscular 
disorders [12,14,18], this would be expected. A key limitation of this study is that twitch force (i.e., 
PAP) or voluntary muscular performance outcomes (i.e., PAPE) was not directly evaluated. 
However, earlier data suggest that PAP is usually highest immediately post the CA protocol [34–36], 
and the M-wave potentiation phenomenon (i.e. acute changes in membrane excitability of skeletal 
muscles) has been shown to be very short-lived (≤ 1 min) [36], hence why the primary focus of this 
study was to collect the S-D data immediately following the BS-CA protocol. 

Moreover, while our study suggest that neuromuscular excitability can be acutely altered in the 
VM muscle, following a standard CA protocol designed to induce PAP/PAPE, another limitation is 
that the underlying physiology cannot be fully characterized by S-D properties alone. For instance, 
evidence from in vitro experiments suggest a reduced neuromuscular/membrane excitability is 
mediated by increases in membrane capacitance and decreases in membrane resistance [77,78]. 
However, the relative contribution of these mechanisms cannot be clearly delineated without 
including more advanced procedures. Furthermore, another notable limitation with S-D assessment 
is that it almost exclusively reflects neuromuscular excitability at the peripheral level (i.e. muscles 
and peripheral nerves) [27,79], as the central nervous system (CNS) is effectively bypassed during 
electrical stimulation [80]. 

Hence, to examine the involvement of the CNS, S-D properties need to be complemented with 
techniques such as electroencephalogram (EEG) [81], or even more noteworthy transcranial magnetic 
stimulation (TMS) [66], a procedure that allows measures of excitability within the motor cortex and 
corticospinal pathways [66,82]. Similarly, although SDC parameters offers insight into excitability at 
the peripheral neuromuscular level, alterations in Ca+ sensitivity (an intramuscular mechanism 
contributing to the PAP phenomenon), cannot be inferred either by SDC parameters alone. 

4.1. Practical Applications 

The results from this paper suggest that measuring S-D properties may provide us with new 
insights into the fatigue process during exercise, in particular the development of fatigue following 
warm up strategies designed to optimize muscular performance. Due to its accessibility and non-
invasive nature, it may also have some utility for examining training adaptations following different 
exercise protocols. 

4.2. Limitations and Future Recommendations 

The present study has several methodological limitations. This includes the small sample size, 
no control group and the S-D properties were only assessed at one time point. This may limit the 
generalizability of the results. Further studies should therefore include a larger sample size, include 
a control group and include more time intervals, to improve our understanding of how 
neuromuscular excitability and related membrane functions modulate the PAP/PAPE phenomenon. 
Additionally, to determine the contribution of the CNS, further studies should consider adding 
procedure such as EEG and/or TMS, and use a range of different CA-protocols. Having a greater 
understanding of how changes in neuromuscular excitability relates to PAP/PAPE may help us 
reduce muscle fatigue, and thus injury risk. According to demographic data, it has been estimated 
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that musculoskeletal injuries provide an economic burden of roughly $980 billion per year in the US. 
This paper therefore highlights the potential value of understanding how electrophysiological 
changes in neuromuscular excitability relates to the PAP/PAPE phenomenon. 

5. Conclusions 

This study aimed to evaluate the electrophysiological changes in neuromuscular excitability in 
the VM muscle, using the S-D assessment, following a BS-CA protocol designed to elicit a PAP/PAPE 
effect. The findings demonstrated that a standard BS-CA protocol can acutely increase rheobase 
parameters (R-RIC and R-DIC, respectively) the Q, and possibly the chronaxie (based on the observed 
trend). This suggests reduced neuromuscular excitability and presumably muscle fatigue, implying 
that evaluating S-D properties may provide us with new insights into the fatigue process during 
exercise. However, since the S-D assessment primarily reflects neuromuscular excitability within 
muscles and peripheral nerves, future studies should employ different procedures that controls for 
excitability within the motor cortex and corticospinal pathways. Having a greater understanding of 
this may not only help us optimize performance and reduce unnecessary muscle fatigue, but also 
reduce musculoskeletal injuries, and thus a large economic burden. Clinically, this may also be of 
great value for evaluating the rehabilitation process after injury. This paper therefore highlights the 
potential value of understanding how electrophysiological changes in neuromuscular excitability 
relates to the PAP/PAPE effect. 
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Abbreviations 

The following abbreviations are used in this manuscript: 

[K+]0 Extracellular Potassium Concentrations 
[K+]i Intracellular Potassium Concentrations 
1 RM One-Repetition Maximum 
BS Back Squat 
CA Conditioning Activity 
Ca+ Calcium Ion 
CNS Central Nervous System 
EEG Electroencephalogram 
M-wave Compound Muscle Action Potential 
MAQ Muscle Adjustability Quotient  
MRLC Myosin Regulatory Light Chain 
MVC Maximum Voluntary Contraction  
NMJ Neuromuscular Junction 
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PAP Post-Activation Potentiation  
PAPE Post-Activation Performance Enhancement  
PTT Peak Twitch Torque 
Q Threshold Charge 
R-DIC Triangular Rheobase 
R-RIC Rectangular Rheobase 
Reps Repetitions  
S-D Strength-Duration 
SD Standard Deviations 
SDC Strength-Duration Curve 
SR Sarcoplasmic Reticulum 
TMS Transcranial Magnetic Stimulation 
VGSCs Voltage-Gated Sodium Channels 
VM Vastus Medialis 
µC Microcoulomb 
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