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Simon Walker, PhD
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Abstract
Scientific study of strength training has revealed numerous physiological mechanisms that
contribute to: 1) acute fatigue from a single strength training session and 2) chronic adaptation to
repetitive and systematic strength training. Therefore, the purpose of this chapter is initially to
discuss potential neural mechanisms that influence force production from the perspective of a single
repetition. Thereafter, the chapter will highlight scientific evidence for candidate neural mechanisms
that acutely limit force production during a single strength training session and long-term
adaptations caused by strength training. For some of these potential neural mechanisms there is
strong scientific evidence and for others evidence has emerged in recent years and requires further
investigation.
Keywords: motor unit, firing rate, voluntary activation, muscle activity, EMG, stimulation, V-wave,
central fatigue, loading, short-term training

The purpose of this chapter is to introduce the effects of strength training on the function of the
neural system. For comprehensive background knowledge concerning the structure and function of
each part of the neural and muscular systems it is advisable to consult anatomy and physiology
textbooks. However, as can be seen from Figure 1, muscle and nerve do not work in isolation but as
an interlinked and interactive unit. The end-point of the neural system can be considered to be the
neuromuscular junction (the point where motoneuron and muscle fiber are joined). The start-point
of the neural system is more difficult to define but for simplicity perhaps it should be regarded as the
motor cortex. Consequently, it might be preferable to think of the system as a whole and use the
term “neuromuscular” rather than “neural” when discussing the acute and chronic responses to
strength training in the following sections.

***Insert Figure 1 somewhere here***
Figure 1. Schematic representation of the parts of the neural system that influence force production
(adapted from Moritani 2003. Chapter 3, Strength and Power in Sport).

Neural effectors of force production
The resultant force production of skeletal muscle(s) is dependent upon many different system and
tissue properties, for example musculotendinous properties, such as muscle size and fiber type as
well as tendon stiffness. Overall force production is naturally a sum of all the parts of the
neuromuscular-tendinous system. Nevertheless, there are specific elements within the neural

system that control and manipulate the functioning of muscle(s) for the body’s specific needs at any
moment in time.
Firstly, let us address the end-point of the neural system and smallest entity of the neuromuscular
system, the motor unit. A motor unit consists of an alpha (α-)motoneuron and all of the muscle
fibers it innervates. Motor units can be classified by their properties, as identified by Burke (1967), as
slow (also known as Type I), fast fatigue resistant (Type IIa) or fast fatigable (Type IIx). Consequently,
the type and number of motor unit(s) activated would influence force production. Furthermore,
recruitment of motor units is governed by the “size principle” (Henneman et al. 1965). This principle
states that the smallest α-motoneurons (and motor units) are recruited first and an orderly
recruitment, relative to size, occurs thereafter. This would appear a good strategy since the smaller
motor units are also the ones that are most difficult to fatigue and can withstand long contraction
durations. When gradually increasing force production, most muscles fully recruit all motor units
between 50-95% of maximum force production (Grillner & Udo 1971; Kulkilka & Clamann 1981; Oya
et al. 2009). During fast contractions the level of force required to recruit a specific motor unit is
lowered (Desmedt & Godaux 1978). In other words, larger (so-called high-threshold) motor units are
recruited at a lower force level (i.e. more readily recruited) when the contraction is performed as
fast as possible rather than during a slow contraction.
Force production is also regulated by the rate at which a motor unit is activated. In simple terms,
how often an electrical discharge passes along the α-motoneuron (i.e. motor unit action potential).
This is known as firing rate (also known as discharge rate, firing frequency or rate coding). As has
been clearly demonstrated during gradually increasing force contractions (so-called ramp
contractions), already recruited motor units increase their firing rate as the force level increases
(Milner-Brown et al. 1973; Desmedt & Godaux 1978). Firing rate patterns appear to be reversed
during fast contractions showing an initial burst of high firing rate followed by lowered rates once a
certain level of force is attained (Desmedt & Godaux 1978; Van Cutsem et al. 1998), but recruitment
still follows the size principle. Differences in the interaction between motor unit recruitment and
firing rate may be dependent upon the muscle in question, with small muscles seemingly more
reliant on firing rate to modulate force production while large force-producing muscles rely more on
recruitment (Seki & Narusawa 1996). Nevertheless, ultimately, neural control of force production is
reliant upon motor unit recruitment and firing rate whose combination determines the final signal
presented to the muscle.
Prior to the α-motoneuron, there are many upstream regulators that influence both/either the
recruitment and firing rate of motor units. Afferent feedback (identified by blue lines in Figure 1)
from muscular contraction influences forthcoming signals at the cortex and spinal cord. At the spinal
level, afferent feedback from muscle spindles sensing stretch within muscle fibers serves to enhance
(i.e. excitatory), while feedback from golgi tendon organs sensing tension within the muscle-tendon
junction serve to dampen (i.e. inhibitory), signals sent to the α-motoneuron. Also, Renshaw cells act
as a negative feedback system that responds to activation of the α-motoneuron. These regulators
allow the neural system to constantly monitor and modulate force production.
Initiation of descending drive (identified by red lines in Figure 1), the signal sent down the spinal
cord, originates in the cortex. A convergence of signals from the premotor cortex, cerebellum and
other cortex centers influence the output of the motor cortex to the spinal cord. Various feedback

sources contribute to the modulation of descending drive (Figure 1) during continuing contractions.
A greater level of descending drive is possible through either enhanced excitation or reduced
inhibition (or combination of both) within the cortex. Assuming that the effects of all other
regulators of the neural system (mentioned above) are constant then a greater descending drive
would lead to greater force production. It should be remembered, however, that greater descending
drive may also influence the level of antagonist coactivation simultaneously (Mullany et al. 2002).
Finally, force production of agonist and synergist muscles is also affected by the level of coactivation
of antagonist muscles, which may be considered as the brake applied during voluntary contraction. It
is thought that coactivation is necessary to stabilize the joint for both effective movement and to act
in a protective manner, and also in the case of multi-joint movement to facilitate fluid motion and
coordination between muscles/joints (e.g. running and jumping). During simple single-joint
movement, the level of antagonist coactivation may vary between different populations, for
example, older individuals tend to demonstrate greater coactivation of antagonists than young
adults (Klein et al. 2001). Despite many experimental studies, only a handful have shown evidence
that strength training reduces antagonist coactivation (Carolan & Cafarelli 1992; Häkkinen et al.
1998; Häkkinen et al. 2000; Tillin et al. 2011). Due to this uncertainty, and in the interests of brevity,
the following sections will focus on modulation of agonist activation during strength training.

Acute responses during a strength training session
Following the law of specificity, it is of great importance to understand the mechanisms of acute
fatigue during strength training as this/these part(s) of the neuromuscular system are susceptible to
adaptation given long-term exposure (Enoka & Duchateau 2008). Upon reading this chapter, it
should become apparent that there is a remarkable commonality between the challenged and failing
parts of the neuromuscular system during a specific strength training program and their
improvements over a training period. The vast majority of our (earlier) understanding on acute
neuromuscular fatigue has originated from controlled experiments using electrical stimulation
techniques (particularly in animals), or voluntary isometric intermittent or prolonged contractions in
humans. Consulting the work of scholars such as Brenda Bigland-Ritchie, Simon Gandevia, Janet
Taylor, Roger Enoka and Jacques Duchateau to name a few would help to attain knowledge from
highly-controlled experiments. However, the present chapter will focus on applied scientific studies
utilizing strength training typically performed in gyms.
At this point, it is perhaps prudent to outline (rather simplistically) the typical type of strength
training programs studied in the literature. Maximum strength or neural strength training is
comprised of high external load (>85% 1-RM), multiple sets (3-5 per exercise) of low repetitions (1-5)
and long inter-set rest periods (3-5min). Hypertrophic strength training typically uses medium
external load (60-85% 1-RM), multiple sets (2-4 per exercise) and several repetitions (8-12) and brief
inter-set rest periods (1-3min). Power training aims to perform each action with the maximum
possible acceleration but the external load (0-80% 1-RM), number of sets (2-6 per exercise) and
repetitions (2-10), and inter-set rest period (2-6min) can vary greatly. The names of each type of
strength training are derived from the primary goals of each program.

In terms of studying the acute effects of strength training on neural processes, the majority of
studies have utilized surface EMG. The inherent weaknesses of this methodology make identifying
the mechanism(s) of acute fatigue inconclusive (as explained by Farina and colleagues 2014), but it is
one of the simplest and least invasive methods available. To the author’s knowledge, the first studies
investigating neuromuscular fatigue during strength training were performed by Häkkinen in the
1990s with athletes as subjects (Häkkinen 1993; Häkkinen 1994). Here, both Maximum strength (20
sets of 1 rep at 100% 1-RM) and Hypertrophic (10 sets of 10 reps at 70% 1-RM) training sessions led
to decreases in maximal strength (~24% vs ~47% in men and in ~21% vs. ~29% women, respectively)
immediately after the session and both led to decreased EMG amplitude (with the exception of
Maximum strength in women for some unknown reason). One interesting study that compared
three work-matched but different types of strength training was performed by McCaulley et al.
(2009). Large acute decreases in maximal strength occurred during Maximum strength and
Hypertrophic sessions, but EMG amplitude only decreased during the Maximum strength session.
Power sessions specifically influence initial EMG amplitude (Linnamo et al. 1998), as discussed later.
The lack of reduced EMG amplitude during Hypertrophic sessions is a common observation,
especially in untrained/non-athlete populations (Izquierdo et al. 2009; Walker et al. 2012).
This has led to some interpreting the data that fatigue within the neural system does not occur
during Hypertrophic sessions, and that the cause of the reduced strength is situated purely within
the muscle. However, when inspecting changes in the frequency component of the EMG signal, as
well as the amplitude, it becomes apparent that changes do occur (Izquierdo et al. 2009; GonzalezIzal et al. 2010; Walker et al. 2012). Hypertrophic strength training leads to a reduced median
frequency, whereas Maximum strength training does not (as depicted in Figure 2A, Walker et al.
2012). Since median frequency is purported to represent the average conduction velocity of the
firing motor units (Solomonow et al. 1990), the data might be interpreted as demonstrating
maintained motor unit recruitment but reduced firing rate during Maximum strength sessions. A
more complex situation to interpret is the lowered EMG median frequency during Hypertrophic
sessions (Figure 2A).
There are several hypotheses for this phenomenon, one being slowing of the conduction velocity of
the action potential due to fatigue/damage within the muscle. One other possibility for the reduced
median frequency could be that there was greater synchronization in motor unit recruitment
(Weytjens & Van Steenberghe 1984). Motor unit synchronization has been shown to increase EMG
amplitude (Yao et al. 2000). Therefore, it may be that increased motor unit synchronization and
consequent increase in EMG amplitude negates the otherwise expected reduction in EMG amplitude
due to reduced motor unit recruitment and/or firing rate. This speculation may be plausible given
that athletes have a greater level of motor unit synchronization than untrained populations (MilnerBrown et al. 1975; Semmler & Nordstrom 1998). Furthermore, strength athletes have demonstrated
reduced EMG amplitude during and after Hypertrophic sessions (Häkkinen 1994; Ahtiainen &
Häkkinen 2009), which (in-line with this hypothesis) may be due to an already higher level of motor
unit synchronization and no great potential to further synchronize firings.
***Insert Figure 2 somewhere here***
Figure 2. Fatigue-induced changes after a single strength training session in (A) EMG amplitude and
median frequency (mean±SE) (Walker et al. 2012), (B) voluntary activation level (mean±SD) (Walker

et al. 2013), and (C) Motor Evoked Potential (MEP) area and silent period length (mean±SD)
(Ruotsalainen et al. 2014) during maximum isometric force production.

Nevertheless, perhaps the clearest method to demonstrate fatigue within the neural system during
strength training sessions is to use (electrical or magnetic) stimulation methods. Merton (1954) used
the interpolated twitch technique to demonstrate the inability of the human to maximally activate
their skeletal muscles. Briefly, if superimposing a high-intensity electrical stimulation to the
innervating nerve or directly to the activated muscle during a maximum voluntary contraction
induces an increase in the measured force, then the muscle was not performing to its potential and
the deficit was located within the neural system. This method has shown that fatigue within the
neural system exists during Hypertrophic strength sessions as demonstrated by a reduction in
voluntary activation level (Walker et al. 2013, Figure 2B).
Another method to detect fatigue within the neural system is to utilize Transcranial Magnetic
Stimulation (TMS) directly to the motor cortex and measure the response at the muscle. In an
interesting study by Ruotsalainen et al. (2014), measurement of the Motor Evoked Potential (MEP)
in the EMG signal of the biceps brachii after each set of a 3 × 10-RM (i.e. Hypertrophic) bicep curl
session showed an initial increase concomitant to muscular fatigue after set 1 (Figure 2C). It could be
suggested that corticospinal excitability (i.e. the efficacy of all parts of the cortical and spinal
network mentioned above) increased in order to possibly overcome the inability of the musculature
to produce the required force level to sustain performance. This initial increase was then followed
by a progressive decrease after each set. The decreases in MEP size set-to-set were matched by an
elongation of the silent period following the stimulation (Figure 2C). This likely represents fatigueinduced cortical inhibition, which could account for a reduction in descending drive following
(Hypertrophic) strength training sessions. For more information regarding neural fatigue and the
potential mechanisms that cause such fatigue, recent work by Carroll and colleagues (Carroll et al.
2017) is worth consulting.
Finally, to briefly address the effects of a Power training session, it is worth noting that the
reductions in both force and EMG amplitude during the initial ~100ms of contraction were greater
than the reductions of maximum and EMG amplitude (Linnamo et al. 1998). This finding was
contrasted by similar reductions of all time-points during isometric action following a Maximum
strength session. These findings highlight that the manifestation of fatigue during Power training,
where the aim is to accelerate the load as fast as possible, specifically affect the initiation of
contraction. These findings seem to give clues as to the specific training-induced adaptations from
various strength training programs.

Neural adaptations to strength training
As noted in the first section of this chapter, simplistically, greater motor unit recruitment and/or
firing rate of agonist and synergists would increase force production. Therefore, greater force
production could be due to; 1) greater descending drive from the cortex and/or 2) greater spinal
motoneuron excitability and/or reduced inhibition influencing descending drive (Aagaard &

Thorstensson 2003). In this section, studies using various methods to estimate and quantify these
potential adaptations during strength training will be presented.
The amplitude of the Surface EMG signal is taken to be a gross measure of motor unit recruitment
and firing rate of those motor units that are within the pick-up area of the electrodes. This has led
authors to utilize surface EMG as an indication of neural adaptation to strength training. Over the
past 3-4 decades many studies have shown increases in EMG amplitude during maximum force
production from 8-21 weeks of strength training in various populations (Häkkinen & Komi 1983;
Narici et al. 1989; Aagaard et al. 2002; Suetta et al. 2004; Walker et al. 2016) but particularly
previously untrained individuals. Also, rate of EMG rise or average EMG amplitude over the initial
period of force production (e.g. 50-100ms) has been shown to increase during fast contractions
(Häkkinen et al. 1985; Aagaard et al. 2002; Tillin et al. 2012). Nevertheless, use of surface EMG to
infer neural adaptation is fraught with pitfalls. Specific methodological constraints and confounding
factors as highlighted by Farina et al. (2014) suggest that other mechanisms other than neural
adaptation could account for increases in EMG amplitude, particularly during maximum force
production.
One physiological, but muscular adaptation, which could affect the EMG signal is the propagation of
the action potential (Arabadzhiev et al. 2014) and another is the level of motor unit synchronization
(Yao et al. 2000). This last point is interesting since strength-trained individuals have shown a greater
level of synchronization than non-trained controls (Milner-Brown et al. 1975; Semmler & Nordstrom
1998). Whether increased motor unit synchronization aids strength development is debatable (Yao
et al. 2000; Kidgell et al. 2006), but it highlights a limitation of the method in assessing neural
adaptation.
Indwelling or intramuscular EMG electrodes have been used by some groups to quantify motor unit
activity patterns before and after strength training. In particular, early increases (<6 weeks training)
in firing rate have been demonstrated in several populations during maximum (Knight & Kamen
2001; Christie & Kamen 2010) and rapid force production (Van Cutsem et al. 1998). Furthermore,
increased firing rate at the beginning of fast contractions was accompanied by improved rate of
force development (Van Cutsem et al. 1998). These findings may help to explain the observed
increases in EMG during the initial part of the force-time curve of fast contractions following Power
training (Häkkinen et al. 1985; Aagaard et al. 2002; Tillin et al. 2012), as mentioned above.
Perhaps a more direct and non-invasive method to assess neural adaptation is peripheral
nerve/muscle stimulation. The twitch interpolation technique has demonstrated increases in
voluntary activation level in several muscles (Knight & Kamen 2001; Walker et al. 2016) due to
strength training, in both young and older subjects (Figure 3A). While these findings could infer
greater motor unit recruitment and/or firing rate, these findings likely reflect greater firing rate
given the above mentioned evidence from intramuscular EMG and that most muscles’ motor units
are fully recruited below 95% of maximum force.
Other studies have used peripheral stimulation to quantify H-reflex and V-wave amplitude before
and after strength training. Submaximal electrical stimulation to a peripheral nerve induces an
artificial reflex response recorded by surface EMG, known as the Hoffmann- or H-reflex. Conversely,
a maximal electrical stimulation elicits a compound action potential (i.e. M-wave) that concomitantly
abolishes the H-reflex response in a resting condition. The V-wave is the voluntary equivalent of the

H-reflex, and voluntary drive must surpass the M-wave abolishment to be observable in the EMG
signal. Hence, it is a measure of overall efferent output from the motoneuron pool (Aagaard et al.
2002) and an increase in V-wave (normalized to the maximum M-wave) represents an increase in
descending drive. Possibly due to methodological considerations (e.g. the proximity of the muscle to
the spinal cord) distal muscles, such as the triceps surae, have been utilized to demonstrate traininginduced adaptations to strength training using this method. Strength training has been accompanied
by increases in V-wave responses after only 3 weeks (Vila-Cha 2012) and 14 weeks (Aagaard et al.
2002, Figure 3B) of training in healthy young subjects and in older individuals (Unhjem et al. 2015).
These studies combined this method with resting H-reflex stimulation to show that changes in spinal
excitability did not occur as a consequence of training, which supports the previously stated
hypothesis that neural adaptations are largely a result of supraspinal changes.

***Insert Figure 3 somewhere here***
Figure 3. Strength training-induced increases in (A) voluntary activation level (mean±SE) (Knight &
Kamen 2001), (B) V-wave amplitude (mean±SD) (Aagaard et al. 2002), and (C) conditioned MEP
amplitude (mean±SE) (Weier et al. 2012).

TMS stimulation of the motor cortex to measure neural adaptation has led to mixed findings. While
Kidgell et al. (2010) and Weier et al. (2012) observed greater MEP size following training (possibly
indicating greater descending drive), Lee et al. (2009) did not. In support of reduced corticospinal
inhibition due to strength training, Latella et al. (2012) observed shortened silent periods in both the
trained and untrained rectus femoris muscles. Furthermore, reduced intracortical inhibition was
observed following 4 weeks of Hypertrophic squat training (Weier et al. 2012, Figure 3C). Therefore,
although there has been limited study of corticospinal excitability/inhibition during strength training,
it may be that a training-induced decrease in the level of inhibition is the most likely candidate for
the improved descending drive.
Finally, it should be noted that the use of stimulation methods have also largely been limited to
being induced under a constant force level, either maximal or submaximal. Therefore, the potential
role of training-induced supraspinal adaptations that increase motor unit firing rate has not been
investigated fully. But current evidence perhaps enables us to speculate that inhibitory mechanisms
at both the supraspinal and spinal level are supressed after strength training, which allows greater
descending drive and ultimately greater motor unit firing rates. These neural adaptations may well
account for improved performance after short-duration strength training. Future investigations may
look to other methods to assess cortical functioning during rapid contractions and new insights may
be attained.

Summary
The neural system controls force production through an intricate and complex system that has many
levels of control. Each element of this system is capable of increasing (i.e. facilitating) or decreasing

(i.e. inhibiting) force output. Ultimately, the sum of these different effectors results in a specific
recruitment pattern consisting of motor unit recruitment and motor unit firing rate. Increasing either
or both motor unit recruitment and/or firing rate will lead to an increase in force output assuming
that the muscle and tendon are able to transmit this force in a similarly effective manner.
Performing a single session of strength training will challenge various elements of the neural system
leading to acute modifications in the ability of the system to recruit motor units and/or limit their
firing rate. Training is a repetitive stimulus that fatigues these parts of the neural system and these
specifically adapt to be able to increase motor unit recruitment and/or firing rate. However, as this
chapter highlights, there is still work to be done in order to fully understand which parts of the
system are fatigued during a single strength training session and also which parts adapt during
training.
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