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AAGAARD, P., J. BOJSEN-MØLLER, and J. LUNDBYE-JENSEN. Assessment of neuroplasticity with strength training. Exerc.
Sport Sci. Rev., Vol. 48, No. 4, pp. 151–162, 2020. Including a brief overview of current investigative approaches, the present Perspectives
for Progress article offers an overview of potential future experiments in the field of exercise-related neuroplasticity to strength training. It is pro-
posed that the combination of specific experimental approaches and recently developed techniques holds the potential for unraveling spinal and
supraspinal mechanisms involved in the adaptation to strength training. Key Words: strength training, neuromuscular plasticity, spinal motor
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KEY POINTS

• Neural adaptations to strength trainingmay comprise changes
in intrinsic motor neuron properties and improvements in
corticospinal connectivity and increased maximal efferent
output of spinal motor neurons.

• Future integrated combinations of contemporary and novel
experimental approaches are expected to expand our cur-
rent knowledge about the range and nature of neural adap-
tations evoked by strength training.

• Increased insight into the mechanisms of neural plasticity
accompanying strength training may be translated into im-
proved designs for performance training and rehabilitation
protocols in athletes and in old adults and clinical patients.

INTRODUCTION
The present article presents the perspective that the combi-

nation of experimental approaches and multiple physiological
assessment techniques will enable further insight into the
mechanisms of neural plasticity that accompany strength train-
ing in humans. We propose that a range of young to old and
healthy to diseased populations may benefit from an improved

understanding of the neural adaptations to strength training.
Although individuals with low or incomplete levels of muscle
activation (i.e., very old adults, injured athletes, untrained
healthy adults) may be expected to demonstrate a high mag-
nitude of neural adaptation with strength training, even
high-level strength athletes may also demonstrate gains in
neuromuscular function in response to specific strength
training protocols.

Due to the complexity of the central nervous system (CNS),
previous research on the neural adaptation to strength training
typically has focused on single specific adaptations relating, for
example, to neuromuscular activity assessed by surface electro-
myography (EMG) recordings, intramuscular recordings of
single motor unit (MU) recruitment/discharge rates, evoked
(spinal/corticospinal) responses in single muscles, or evoked
force responses. As an aspect adding complexity to the field,
training-induced neural adaptations that involve properties
and functions of the CNS should be studied not only at rest or
during low-force contractions but also duringmaximal-force test-
ing or in rapid contractions performed with maximal volitional
rate of force development (RFD) and maximal muscle activa-
tion. The latter may impose technical challenges, as it is
difficult to record muscle activity during maximal voluntary
efforts, and it remains a further constraint that only few
maximal contractions may be performed before neurophysio-
logical and peripheral mechanisms related to fatigue may in-
fluence the results.

Nonetheless, recent advances in available techniques may
enable more comprehensive experimental protocols and study
designs to evaluate the influence of strength training on neural
function in humans. Based on this notion, the present Perspec-
tives for Progress article offers a roadmap of future experiments in
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the field of exercise-related neuroplasticity, where combinations
of experimental approaches and the use of multiple techniques
hold the potential for a significant leap forward by unraveling spi-
nal and supraspinal mechanisms involved in the neural adapta-
tions to strength training.

CONTEMPORARY METHODOLOGICAL APPROACHES
A number of isolated experimental approaches have been

used over the last decades to evaluate the relation between neu-
rophysiological function and maximal muscle strength includ-
ing RFD and to address the influence of strength training on
neural function. A large number of studies have acquired sur-
face EMG signals duringMVC efforts, and increases in EMGam-
plitudes have been reported after short- and long-term periods
of strength training. Considerably fewer studies have performed
recordings of single MU action potentials during maximal mus-
cle contraction. In recent decades, a number of studies have
measured evoked spinal reflex responses (Hoffmann reflex
[H-reflex] and V wave) and corticospinal responses evoked
by transcranial magnetic stimulation (TMS) of the motor cor-
tex or by activating the corticospinal pathway with transcranial
electrical stimulation (TES) occasionally supplemented by
cervicomedullary magnetic or electrical stimulation. More
recently, these methods have been supplemented by electro-
physiological EMG decomposition algorithms and advanced
neuroimaging techniques.

Recording of Muscle and Single MU Activity by Use
of EMG
Experimental evidence for changes in neural function with

strength training has been provided by means of surface EMG
recording during MVC (e.g., [1,2]). Consistent increases in
the compound EMG signal amplitude thus have been observed
concurrently with gains in MVC force (3–6) and increases in
RFD (5,7–12) after weeks to months of strength training in pre-
viously untrained young and old adults. Notably, concurrent
increases in EMG amplitudes and lower-limb muscle force
have also been observed in highly strength-trained individuals
(elite weightlifters) when exposed to intensified protocols of
heavy-load strength training (13). Observations of a positive
correlation between maximal RFD and concurrently recorded
surface EMG amplitudes (10,14–16) as well as between
training-induced increases in RFD and EMG amplitude (17–19)
suggest that strength training can result in an increased neural
drive to agonist muscles that in turn contributes to observed gains
inRFD andMVC. By definition, the increased activationmust re-
sult from increased recruitment or increased discharge rates of spi-
nal α-motor neurons after strength training.
Nonetheless, inherent methodological constraints may limit

the interpretation of surface EMG signals as the recorded com-
posite EMG signal not only represents the algebraic sum of all
MU action potentials recorded by the electrodes but also is af-
fected by varying amounts of action potential amplitude cancel-
lation, which influences the amplitude and frequency content
of the interference EMG signal (20–23). Furthermore, it re-
mains challenging to compare composite surface EMG ampli-
tudes from recordings obtained at different time points, for
example, before and after periods of training intervention, due
to potential variations in electrode placement, alterations in
muscle architecture (changes in pennation angles), or potential

changes in subcutaneous fat content and conductance of MU
action potentials through the skin, respectively, the latter
reflecting peripheral rather than neural properties. Conse-
quently, several studies have failed to demonstrate elevated
peak EMG amplitudes after strength training (8,17,24,25).
Yet, some of the limitations associated with the assessment
of surface EMG may be reduced by using standardized normal-
ization procedures, such as normalizing the composite EMG
signal amplitude relative to the maximum EMG amplitude re-
corded during standardized MVC efforts (22) or to the maxi-
mal M wave amplitude evoked by electrical stimulation of
the peripheral motor nerve.

Experiments using intramuscular (indwelling) wire or needle
electrodes have documented that short-term (2 wk) and more
prolonged (6–12 wk) strength training can increase maximal
discharge rate of spinal motor neurons (i.e., elevated MU dis-
charge rates) during MVCs performed at maximal intentional
RFD (7) or in young and old adults performing nonpaced isomet-
ric MVC testing (26–28). Similar results have been observed
during submaximal contractions (12) as recently verified by
high-density surface EMG analysis (29), although not confirmed
by all studies (30). Notably, maximalMUdischarge rate seems to
be positively correlated with RFD in vivo (31,32), again sup-
ported by high-density EMG analysis (33,34). In terms of adap-
tive plasticity, maximal MU discharge rates increased (+86%,
+71%, and +124% in the first three interspike intervals) in
the tibialis anterior muscle during the onset and initial phase
of ballistic dorsiflexions after 12 wk of explosive-type strength
training, which was paralleled by a corresponding increase in
contractile RFD of +82% (7). Notably, a sixfold elevated inci-
dence of MU discharge doublet firing (≤5-ms interspike inter-
vals) was observed after training, which was suggested to also
contribute to the observed gain in RFD (7). The findings of this
seminal study (7) underline the pivotal role that the adaptive
plasticity in MU behavior plays for the improvement in RFD
capacity in response to strength training.

More recently, in vivo estimates of MU discharge rates have
been obtained based on computer-assisted decomposition anal-
ysis of the interference EMG signal. Classical single-channel
methods for EMG signal decomposition have been limited
to only few concurrently active MUs typically performed at
low-force contractions (for brief review, see [35]). In contrast,
high-density surface EMG analysis with its application of multi-
channel array electrodes (36,37) enables tens to hundreds of
concurrent recording sites, from which algorithm-based source
separation can be performed to map the concurrent discharge
characteristics of a large number of MUs across a wide range
of force levels (35) (Fig. 1).

So far, only few studies have used these techniques to exam-
ine training-induced changes in maximal MU discharge rates.
Based on such high-density EMG analysis (128 pin electrodes),
Del Vecchio et al. (38) reported that during explosive-type
muscle contractions, chronically strength-trained individuals
were able to recruit MUs with faster conduction velocities in
a more compressed time interval around force onset, which
was paralleled by elevated RFD compared with that of un-
trained controls. In addition, recently, high-density EMG anal-
ysis in the tibialis anterior muscle demonstrated significant
increases (+15% overall) in MU discharge rate assessed at
35%, 50%, and 70% MVC along with decreases in the
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recruitment-threshold force of MUs after short-term (4 wk)
strength training (29) (Fig. 2). The use of similar procedures
of high-density EMG decomposition analysis and MU track-
ing in the knee extensor muscles (vastus lateralis and vastus
medialis) revealed increases (+8%–12%) in MU discharge
rate assessed at 50% and 70% MVC for high-threshold MUs
(≥50% knee extensor MVC) after 2 weeks of high-intensity
interval training (HIIT; successive 60-s bouts of ergometer cy-
cling at 100% peak power output) (35). In addition, the HIIT
protocol resulted in elevated knee extensor MVC torque
(+7%), whereas MU discharge rates and MVC torque re-
mained unchanged in subjects performing low-intensity
(65% V̇O2peak) continuous ergometer cycling (35). Collec-
tively, the available evidence thus suggests that the discharge
behavior of individual MUs is indeed subject to change as a re-
sult of strength training, which in turn may be translated into
increases in maximal muscle strength and RFD.

Spinal Circuitry Function
In addition to measurements of muscle activity and MU dis-

charge rates, several studies have aimed at investigating the un-
derlying spinal pathways responsible for the increase in muscle
activation after strength training.

Evoked spinal responses
In brief, the V wave (methodological variant of the H-reflex)

can be elicited by supramaximal electrical stimulation of pe-
ripheral nerves during MVC. A key determinant of the V wave
amplitude is the recruitment and discharge rates of the motor
neuron pool during the MVC, as MU action potentials will
only occur for the spinal motor neurons in which the anti-
dromic action potential caused by the stimulus collides with a
voluntarily elicited orthodromic action potential (39,40).
Given that the size of the evoked V wave response recorded
at the muscle will vary in proportion to the product of MU re-
cruitment and MU discharge rates (39,40), changes in normal-
ized V wave amplitude (V/Mmax) can be used to estimate
training-induced gains in efferent spinal motor output. The
peak-to-peak V wave amplitude obtained during MVC testing
has consistently been found to increase in response to weeks
to months of strength training (10,40–46). This has been taken
to indicate an increased neural drive to muscle fibers as a result
of increased activation of the α-motor neuron pool, in turn
caused by factors such as enhanced excitatory inputs to motor
neurons from, for example, descending pathways (primarily
corticospinal activation supplemented by influences from extrapy-
ramidal pathways), reduced presynaptic inhibition of Ia afferents,

Figure 1. A. Motor unit (MU) discharge patterns during an increasing (6 s) and decreasing (6 s) ramp isometric contraction (to 10% of the maximum) of
the abductor pollicis brevis muscle, as estimated from surface EMG recordings obtained with a 13� 5 electrode grid. Each dot indicates discharge rate of a
single MU. The gray thick line represents the exerted muscle force. The upper panel depicts the root mean square (RMS) EMGmap under the electrode grid
during the same muscle contraction. RMS values were calculated from signal 1-s epochs. B. The discharge rates of two MUs from (A) are shown on an
enlarged scale to illustrate the discharge rate modulation during the contraction. [Adapted from (36). Copyright © 2008 Elsevier. Used with permission.]
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or reduced postsynaptic inhibition of spinal motor neurons. Po-
tential sources of postsynaptic inhibition could include reduced
recurrent Renshaw inhibition or suppressed activity in inhibi-
tory Ib interneurons. Moreover, the training-induced gain in
V wave amplitude could, at least in part, be related to changes
in intrinsic motor neuron properties. Notably, V wave responses
were found to remain unchanged in response to endurance train-
ing (42), in turn suggesting that maximal contractile efforts (i.e.,
high-force strength exercise) are required to elicit increases in
efferent motor neuron output (neural drive) during MVC.
The H-reflex is evoked by submaximal electrical stimulation of

peripheral nerves and can be used to examine training-induced
changes in spinal circuitry function at rest and during active
muscle contraction (47,48). Mixed results have been observed
in response to strength training. Although increased H-reflex
amplitudes have been observed after 8–14 wk of heavy-resistance
strength training, when obtained during MVC efforts (40,45)
or at standardized submaximal force levels (25,49,50), other
studies have been unable to demonstrate elevated H-reflex re-
sponses during active test conditions in response to strength
training (10,41,42,44,46). These discrepancies may at least in
part be related to differences between studies in (i) training duration
or intensity, (ii) peripheral nerve stimulation intensities, or (iii) the
force or EMG background at which the H-reflex was elicited.
As H-reflex amplitude is influenced by the same spinal fac-

tors as the V wave (only obtained at lower stimulation intensi-
ties), the above reports of increased H-reflex amplitudes during
maximal and submaximal contraction efforts are suggestive of

enhanced spinal motor neuron activation (and excitation) after
strength training. This could arise from increased excitatory in-
puts to the motor neuron pool, reduced presynaptic inhibition
of Ia afferents, and reduced postsynaptic inhibition or increased
intrinsic excitability of motor neurons. It is noteworthy that
training-induced increases in H-reflex amplitudes obtained during
active isometric plantar flexor contractions (20% MVC) were
positively correlated (r = 0.59) with gains in RFD (25), suggest-
ing the change in spinal circuitry function to have importance
for functional performance.

Spinal synaptogenesis
The current knowledge on changes in the morphology of spi-

nal neurons induced by strength training is limited, but Adkins
et al. (51) examined the influence of strength training on the
number of excitatory and inhibitory synapses per μm2 of motor
neuron soma surface within the cervical spinal cord in rats. The
animals performed either power reaching (high-load skill train-
ing), control reaching (low-load skill training), or no reaching
(control). Whereas both training protocols resulted in larger
motor areas (maps) at the cortical level compared with controls,
no difference was observed between training groups, suggesting
that the difference in cortical motor maps was related to skill
learning (52). However, a difference between training groups
was observed at the spinal level, where high-load strength-
trained rats exhibited a greater number of excitatory but not in-
hibitory synapses onto ventral horn motor neurons, compared
with skill-trained and untrained animals (51). Although the

Figure 2. Motor unit (MU) discharge rates for the same MUs assessed before and after 4 wk of strength training for the dorsiflexors (B, intervention, filled
circles) and in nontraining controls (A, asterisks). Each subject is indicated by a different gray scale in all panels. C. AverageMUdischarge rates at MU recruitment
(first three interspike intervals) for each subject and group (strength training, gray bars; controls, open bars). D. AverageMU discharge rates (first nine interspike
intervals) during the plateau phase of trapezoidal ramp contractions. There was a significant increase in discharge rate during the plateau phase after 4 wk of
strength training. E. AverageMU discharge rate (last three interspike intervals) at MU derecruitment for each subject in the control and strength training groups.
(Reprinted from (29). Copyright © 2019 John Wiley and Sons. Used with permission.)
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origin of these de novo synapses is not clear, the data suggest
that strength training may be accompanied by excitatory
synaptogenesis in the spinal cord, consistent with the notion
of increased motor neuron excitability and elevated muscle
activation during maximal contraction efforts after strength
training.

Corticospinal Excitability
Experiments using TMS of motor cortical brain areas have

demonstrated that short-term (weeks) strength training can re-
sult in increased corticospinal excitability manifested by en-
hanced motor evoked potentials (MEPs) or increased TMS
twitch activation (46,53–63). For instance, 4 wk of training
for the radial deviator wrist muscles resulted in elevated ampli-
tude muscle twitches evoked by TMS and cervicomedullary
magnetic stimulation during low-force contraction conditions,
which were suggested to reflect an increased net gain in
corticospinal projections to the motor neurons innervating
the trained muscles (58). Corresponding evidence of elevated
corticospinal excitability assessed by TMS has also been re-
ported after acute strength training (64), although previously
also observed after skill training and metronome-paced strength
training (62,65–67). Likewise, same-day repeated bouts of ballis-
tic skill training with requirements for maximal movement ac-
celeration was accompanied by acute increases in corticospinal
excitability (68).

However, these findings remain somewhat ambiguous because
other studies have found none or even negative changes in
TMS-evoked motor responses (MEP amplitude) or corticospinal
input-output function after short-term (4–8 wk) strength train-
ing (67,69–72). Potential factors contributing to the disparate
observations could be differences across studies in the muscles
examined and relative (%MVC) contraction intensity, respec-
tively. Thus, although Carroll et al. (69) recorded responses
during contraction levels up to 60% of MVC, other studies ex-
amined contraction intensities between 5% and 20% of MVC
(67,70,71), where adaptive changes in evoked potential prop-
erties may be less likely observed. In line with this notion, no
change was observed in MEPs elicited by cervicomedullary
stimulation at rest after 4 wk of elbow flexor strength training
(73). One further challenge concerning the effect of strength
training on corticospinal excitability may also be the type of
training applied. Numerous short- and long-term studies have
demonstrated that skill learning is accompanied by increased
corticospinal excitability and altered intracortical properties
(67,74–76) (for review, see, e.g., [77,78]), and strength training
per se may involve elements of skill learning. Thus, because
training protocols vary considerably between studies, different
requirements for motor learning may be involved. It has been
demonstrated that an acute bout of strength training with
timing requirements (metronome-paced) was accompanied by
increased corticospinal excitability, whereas self-paced strength
training was not (62). Likewise, acute ballistic skill training
with timing requirements is accompanied by increases in
corticospinal excitability (68). Part of the heterogeneity in the
literature on the influence of strength training on corticospinal
excitability may thus be related to the specific motor tasks prac-
ticed including the type(s) of muscle contraction performed
during training, and the extent to which the strength training
protocol involves motor learning.

Adaptive Changes at the Cortical Level

Combining cortical magnetic, electrical, and cervicomedullary
stimulation

In an effort to localize CNS adaptations evoked by strength
training, the combination of different stimulation techniques
represents a useful approach. The mechanisms by which de-
scending corticospinal volleys are elicited differ between TES
and TMS.Whereas a large proportion of the muscular response
to TMS of the upper limbmuscles is brought about by trans-synaptic
excitation of corticospinal cells, TES activates the corticospinal
neurons more directly (79,80), and the combined application
of the two stimulation types allows assessment of changes within
the primary motor cortex. This would be indicated by differen-
tial training-induced changes in the MEPs elicited by TMS
compared with TES. For example, Carroll et al. (69) com-
bined transcranial magnetic and electrical stimulation at con-
traction levels up to 60% MVC before and after 4 weeks of
strength training for the index finger abductors. The magnitude
of training-induced changes in the gain of the relation be-
tween MEP size and background EMG activity or absolute
muscle torque levels, respectively, did not differ between
magnetic (i.e., cortical) and electrical (i.e., subcortical) stim-
ulation, indicating a lack of cortical adaptations at these con-
traction levels (69).

Investigating changes in intracortical pathways by use of TMS
Based on paired pulse (conditioning) TMS protocols, signs of

reduced intracortical inhibition have been observed after
strength training. For example, short-interval intracortical inhi-
bition (SICI) assessed by paired-pulse TMS was reduced by
−35% (60) and −38% (61) after 4 wk of strength training for
the wrist flexors and rectus femoris muscle, respectively. Addi-
tional reports of reduced intracortical inhibition after short-term
strength training (2–8 wk) have been based on the shortening of
the so-called cortical silent period assessed by single-pulse TMS
(72,81) (Fig. 3). Although reduced SICI is considered to reflect
a downregulated synaptic efficacy of cortical interneuronGABAA

(γ-amino butyric acid) receptors within the primary motor cor-
tex (M1) (61), the cortical silent period evoked by single-pulse
TMS has been suggested to originate from circuits of inhibitory
GABAB receptor–mediated interneuron transmission inM1 (81).

Investigating changes in cortical activation by means of
electroencephalography

Electroencephalography (EEG) enables recording of motor
cortical activity while also allowing connectivity analysis be-
tween distinct cortical areas or potentially between measures
of EEG and EMG.Although only rarely used to examine the ef-
fect of strength training on neural function, EEG has been used
to quantify slow negative surface potentials detected at the scalp
surface during voluntary movement, denoted as movement-related
cortical potentials. After 3 weeks of explosive-type leg extensor
strength training, movement-related cortical potential ampli-
tudes recorded during submaximal constant-load leg extensions
were significantly attenuated at several electrode positions over-
lying cortical motor areas, with an earlier (28%) onset compared
with pretraining (4) (Fig. 4). These changes were paralleled by
gains in maximal strength (+22%) and RFD (32%) (4). The at-
tenuated cortical demand for submaximal voluntary movement
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was suggested to reflect an enhanced neural efficiency as a result of
strength training (4).

PERSPECTIVES FOR PROGRESS IN THE ASSESSMENT
OF NEUROPLASTICITY ACCOMPANYING
STRENGTH TRAINING
Recent technological and methodological advances provide

a promising basis for further expanding our insight into the
range andmechanisms of neuroplasticity with strength training.
Thus, future investigations may benefit from combining tech-
niques such as (i) multimodal measures of strength from single
muscles to complex coordination, (ii) multilevel electrophysio-
logical stimulation and recording techniques, (iii) multimodal
neuroimaging techniques, (iv) modeling that encompasses com-
bined measures to adaptations in, for example, MU recruitment
and discharge modulation, and (v) measures of structural and
functional connectivity accompanying strength training.

Activation of Individual Motor Neurons:
Training-Induced Changes in Maximal Discharge Rates
For the CNS to exert an adaptive influence on the activation

of muscle fibers, modulation of the discharge rates of individual
α-motor neurons (the final common pathway [82])must occur. As
discussed above, maximal MU discharge rates constitute a major

determinant of early-phase RFD, and hence, training-induced im-
provements inmaximalMUdischarge rate have been suggested to
underlie increases inRFDwith training (1,7,83). Yet, the plasticity
in MU discharge characteristics during explosive-type movements
and its relation to RFD have only been examined in a single pre-
vious study (7). Themore recent application of high-density EMG
analysis allows the discharge rates of multipleMUs to be estimated
concurrently (cf. Figs. 1, 2), which represents an attractive
methodological approach to investigate the effect of strength
training on the discharge behavior of spinal motor neurons.
In support of this notion, Del Vecchio et al. (34) recently dem-
onstrated that high-density EMG analysis can be applied during
explosive-type contractions to extract information about premotor
and early-phase MU discharge rates in up to 10–20 independent
MUs that were reliably reidentified during successive contractions
(Fig. 5). Consequently, studies using high-density EMG tech-
niques should be conducted to evaluate training-induced changes
in MU discharge behavior during explosive-type muscle actions
(i.e., at maximal intentional RFD). Furthermore, no reports ex-
ist on the influence of exercise intensity (moderate vs heavy
strength training loads) on changes in maximal MU discharge
rate, which also should be addressed in future investigations.

MU firing rates are affected by synaptic inputs and intrinsic
motor neuron properties. Van Cutsem et al. (7) suggested that
the increased doublet or triplet discharges observed after strength
training might originate at least in part from altered intrinsic
motor neuron properties, and not solely reflect changes in syn-
aptic input. Delayed depolarization could be a potential mech-
anism involved (84), consistent with signs of increased motor
neuron excitability observed during MVC after strength train-
ing (40,45).

Although previous animal studies have demonstrated that
activity-dependent changes in the intrinsic properties of α-
motor neurons can occur rapidly (85,86) (for review, see [87]),
no study so far has succeeded in determining whether strength
training is accompanied by such changes. Thus, as elaborated
below, future research should investigate if and how strength
training may influence the intrinsic properties of spinal α-
motor neurons.

Activation of theMotor Neuron Pool: Training-Induced
Changes in Recruitment Gain

As skeletal muscles are innervated by hundreds of MUs, the
ability to increase MVC force and RFD relates not only to indi-
vidual motor neuron discharge rates but also to the progressive
recruitment of additionalMUs. Thus, physiological characteris-
tics within the motor neuron pool — including recruitment
gain — may also affect MVC force and maximal RFD
(88–90). Specifically, the increase in RFD frequently observed
after strength training (3,5,7–12) could be caused, at least in
part, by an increased recruitment gain in the spinal motor neu-
ron pool. In support of this notion, Del Vecchio et al. (29) re-
cently observed a compressed recruitment range (MUs being
recruited earlier relative to MVC force) when assessed during
submaximal isometric ramp contractions after 4 wk of isometric
strength training for the ankle dorsiflexors. In turn, an increased
recruitment gain (i.e., compression of the recruitment range)
may not necessarily be caused by a linear increase in net excita-
tion across the motor neuron pool. Rather, it could be caused
both by increased excitatory synaptic inputs to the motor

Figure 3. Silent period duration after motor evoked potential (MEP) elic-
ited by transcranial magnetic stimulation (TMS) assessed before and after
2 wk of strength training in young (22 yr) and older (73 yr) adults. A. Sample
recording of a silent period from the tibialis anterior muscle of a young partic-
ipant during 50%maximal voluntary contraction (MVC). Vertical dashed lines
indicate the beginning of the MEP and the return of EMG activity, also de-
noted as the cortical silent period. B. Both young and older individuals
showed a reduction in silent period duration after training (*P < 0.001), indi-
cating reduced intracortical inhibition. (Reprinted from (72). Copyright © 2014
Springer. Reprinted with kind permission of the American Aging Association.)
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neurons or by changes in intrinsic motor neuron properties
(discussed above) as a result of training. An increased recruit-
ment gain (compressed recruitment range) could also result
from an earlier recruitment of larger motor neurons. It remains
for future studies to investigate whether changes inMU recruit-
ment gain contribute to the improvement in RFD observed af-
ter strength training.

Evoked Spinal Responses During
Explosive-Type Contractions

Only limited knowledge exists on spinal circuitry function
during the onset and early contraction phase of rising muscle
force in explosive-type muscle actions, and even less is known
about the training-induced change Although no V wave data
exist currently, only few studies have recorded the H-reflex am-
plitude synchronously with muscle force during rapid muscle
contractions (91,92). These data reveal a premovement facilita-
tion of the evoked H-reflex response starting 20–40 ms (92) up
to 100 ms (91) before muscle activation (onset of EMG), sug-
gesting that a rapid increase in spinal motor neuron excitability
(or decrease in presynaptic or postsynaptic inhibition) precedes
the efferent outflow of MU action potentials to myofibers
(Fig. 6). Future experiments should examine if the modulation
in spinal evoked responses (H-reflex and V wave) before and

during the initial phase of rising muscle force in explosive-
type contractions can be altered in response to strength train-
ing. Although representing a considerable technical challenge,
future investigative efforts could also benefit from using supple-
mentary techniques to elucidate whether training-induced
changes in RFD involve (i) altered utilization of Ia afferent
input, (ii) modulation of motor neuron activity by spinal in-
terneurons including recurrent Renshaw inhibition, or (iii)
changes in descending cortical motor drive, including altered
corticospinal connectivity.

Changes in Synaptic Inputs to Motor Neurons After
Strength Training

The firing behavior of motor neurons is strongly governed by
synaptic inputs (34,93). Thus, changes in the synaptic input to
spinal motor neurons most likely contribute to the increase in
maximal MU discharge rate observed after strength training
(7,26–28). In broad terms, synaptic inputs to spinal motor neu-
rons arise from (i) afferent inputs, (ii) spinal interneurons, and
(iii) descending cortical and brain stem pathways. As elabo-
rated below, adaptive changes in any or a combination of these
different inputs in response to strength training could lead to
changes in motor neuron recruitment and discharge rates, thus
resulting in elevated RFD and MVC forces.

Figure 4. EEG recording of movement-related cortical potentials (MRCP) during 60 successive leg extensions performed against a submaximal con-
stant nominal load (20% MVICPRE) before (PRE) and after (POST) 3 wk (nine sessions) of strength training. Bottom: Two-dimensional topographical
maps of MRCP component amplitudes with the anterior-posterior axis arranged vertically, that is, frontal region located at the top. MRCP components:
mean electroencephalography (EEG) amplitude between −600 and −500 ms before movement onset (preparation potential: BP−600 to −500), mean am-
plitude between −100 ms and movement onset (motor potential: MP−100 to 0), mean amplitude from onset to +100 ms (movement-monitoring poten-
tial: MMP0 to 100). Amplitudes were computed with reference to baseline −3.5 to −3.0 s before movement onset. (Reprinted from (4). Copyright © 2010
Springer Nature. Used with permission.)
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Ia Afferent Input to Motor Neurons, Spinal
Interneuronal Circuits
It is possible that strength training leads to altered levels of

excitatory input to the spinal motor neuron pool from muscle
spindle Ia afferents, potentially via presynaptic mechanisms or
interneuronal relays at the spinal level. Such modulation could,
for example, comprise removal of presynaptic inhibition of Ia
afferents at the onset and rising phase of RFD, which may be
assessed by experimental protocols involving conditioned H-reflex
recordings (e.g., [94]).
Training-induced alterations in synaptic input from spinal

interneurons may contribute as well to an increased net excita-
tion of agonist motor neurons after strength training, and in
some cases even contribute to a decreased excitation of antago-
nist motor neurons. In support of the latter, disynaptic recipro-
cal inhibition was found to increase in the antagonist muscle
(soleus) at the onset of explosive-type dorsiflexor contractions
after 4 wk of strength training, potentially contributing to the
training-induced rise in net joint RFD (95).
Autogenic recurrent inhibition of spinal motor neurons via

Renshaw cells is considered a limiting factor for maximal MU
discharge rate and suggested to have a regulatory influence on
the reciprocal Ia inhibitory pathway (96). Renshaw cells re-
ceive several types of supraspinal synaptic input (including de-
scending tracts from motor cortical areas) to enhance or
depress the recurrent pathway (97,98) (Fig. 7). With increasing
activity, progressively more recurrent inhibition (hyperpolariz-
ing current) is added to spinal motor neurons, resulting in lower

discharge rates of individual motor neurons at a given synaptic
input level and postponed motor neuron recruitment to higher
input levels. Both factors contribute to a reduced slope (reduced
gain) of the input-output relation for spinal motor neurons

Figure 5. A. Representative example of the motor neuron discharge timings from the spinal cord with the resultant force output. B. Twenty-two motor units
(MUs) were identified during an explosive contraction normalized to maximal voluntary force (solid line). C. Discharge rate of the MUs shown in (A). Thick
superimposed trace depicts the average number of discharges per MU per second (moving 35-ms time interval), which is an estimate of the neural drive to
the muscle. (Reprinted from (34). Copyright © 2019 John Wiley and Sons. Used with permission.)

Figure 6. Premovement facilitation of the soleus H-reflex during rapid
(“explosive type”) voluntary isometric plantar flexor contractions. Full
lines denote soleus EMG activity (top trace, arbitrary units), plantar flexor
force (bottom trace, arbitrary units), the trace marked with open square
symbols depicts the H-reflex amplitude recorded concurrently in the
soleus muscle. Each point in the graphs is the grand mean of average
values from five subjects. Included in the picture are recordings of EMG
and force obtained in the corresponding situations. Graphs and record-
ings are arbitrarily aligned along the same time base, starting from the
reaction time signal. Data from Schieppati et al. (92). (Reprinted from (47).
Copyright © 1987 Elsevier. Used with permission.)
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(Fig. 7B). Consequently, the recurrent pathway has been sug-
gested to operate as a variable gain regulator for motor neuron
output (97,99). Interestingly, Hultborn et al. (99) found that
this inhibition was several times more effective in reducing motor
neuron firing caused by descending pyramidal synaptic excitation
compared with direct soma excitation. Nonetheless, the effect of
strength training on recurrent Renshaw inhibition remains un-
explored and should be examined in future experiments.

Recent human experiments using conditioning (paired)
H-reflex stimulation protocols have indicated that recurrent
Renshaw inhibition may be elevated during maximal eccentric
muscle actions (i.e., resembling condition [i] in Fig. 7B) com-
pared with maximal concentric and isometric muscle actions
(100). Notably, this observation may at least in part explain
previous reports of reduced activation of muscle fibers during
maximal volitional eccentric contractions, as consistently ob-
served by use of surface EMG, V wave recording, transcranial
and cervicomedullary magnetic stimulation, and superimposed
interpolated twitch analysis (101). Future experiments should
investigate if strength training leads to a removal of recurrent
Renshaw inhibition (i.e., [i]→[ii] in Fig. 7B), because this train-
ing modality has been found to reduce or fully abolish the sup-
pression in motor neuron output during maximal eccentric
muscle contraction, in turn resulting in elevated eccentric mus-
cle strength (45,102) (for recent review, see [101]).

It should be recognized, however, that substantial technical
challenges may exist for the use of paired-stimulus protocols
(i.e., delivering conditioning and test stimulations within con-
trolled intervals of a few-millisecond duration) for instance dur-
ing contraction conditions involving, for example, maximal
RFD, which may limit the implementation of such techniques.
Nonetheless, several research groups have used this technique
to study spinal circuitry function during eccentric versus con-
centric and isometric contractions (100) and to examine the

training-induced plasticity during rapid muscle actions per-
formed at maximal voluntary RFD (95).

Intermuscular Coordination
Inhibitory reflex circuitries are known to exist between syn-

ergist muscles (i.e., different motor neuron pools) that are sub-
ject to modulatory control (103). For example, experiments
using spike-triggered stimulation of the radial nerve have re-
vealed an inhibitory influence of brachioradialis afferents on
the discharge behavior of biceps brachii motor neurons during
low-force elbow flexor contractions (103,104). Interestingly,
synergist inhibition was reduced along with a 43% prolonged
time to task failure after three successive practice sessions (iso-
metric arm flexor contraction at 20%MVC sustained until fail-
ure) (103). Future studies should investigate if similar pathways
of synergist inhibition also exist for muscles in the lower limbs
and examine the effect of strength training on the inhibitory in-
fluence of these pathways. Removing or reducing this source of
intersynergist inhibition would potentially contribute to the
improvement in mechanical muscle function observed with
strength training.

Future investigations of changes in intermuscular coordina-
tion and in the underlying mechanisms hold a strong potential
to expand the understanding of neurophysiological plasticity
with strength training. Future studies may combine stimulation
protocols investigating both cortical and spinal circuitries and
perform analyses of coupling or coherence (EMG-EMG) between
different (agonist or synergist) muscles after strength training.

Cortical Versus Subcortical Modifications After
Strength Training

As described above, mixed findings exist to support the pres-
ence of cortical adaptations in separation from subcortical (in-
cluding spinal) adaptations to strength training, and future

Figure 7. Autogenic recurrent Renshaw cell inhibition. A. Input and output connections of α-motor neurons and Renshaw cells, a specialized type of spinal
interneuron. Excitatory (excit.) and inhibitory (inhib.) synapses are shown. Note that Renshaw cells themselves receive both excitatory and inhibitory synaptic in-
puts, from spinal and higher centers in the central nervous system (CNS). B. Simplified diagram of input-output relations of the motor neuron pool involving fa-
cilitation of Renshaw cells (i), where efferent motor neuron output is diminished for a given neuronal input (i.e., a given level of central descending motor drive).
Conversely, the inhibition of Renshaw cells (ii) causes an overall disinhibition of the α-motor neuron pool, with a resulting rise in efferent motor output for a given
synaptic input. The presence of recurrent inhibition (i.e., input to Renshaw cells from collateral α-motor neuron axons, shown in [A]) provides a basis that allows
the input-output relation of themotor neuron pool to be dynamically modulated. C.Motor output stage. Neurons constituting the efferent output are framed by
thick lines. Denotations: α, α-motor neurons; γ, γ-motor neurons; IaIN, Ia inhibitory interneurons; RC, Renshaw cells. Right and left muscles represent agonist and
antagonist muscles, respectively. [Adapted from (97). Copyright © 1979 Springer Nature. Used with permission.]
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studies may therefore advance our understanding in this regard.
Although studies on isolated measures of responses evoked, for
example, by TMSmay hold a questionable potential to understand
specific mechanisms of neuroplasticity, it seems plausible that there
is more knowledge to be gained from combining techniques or
methodologies in future studies. TMSmay indeed yield additional
information, for example, on intracortical pathways when applied
at subthreshold intensities during contraction (e.g., to elicit a sup-
pression of the EMG) and even more so when TMS is combined
with complementary techniques such as transcortical electrical
stimulation or cervicomedullary magnetic or electric stimula-
tion (e.g., [69]). In addition, TMS assessment protocols (in-
cluding cervicomedullary and electrical stimulation) may be
combined with peripheral stimulation techniques to address
changes in corticomotoneuronal transmission efficacy (105,106).
Magnetoencephalography, EEG, and neuroimaging tech-

niques such as functional magnetic resonance imaging (MRI)
may also hold the potential to advance our understanding of
CNS adaptations accompanying strength training. In addition,
neuroimaging methods may be applied to elucidate potential
changes in the morphology and activation of cortical and sub-
cortical structures including the cerebellum, brain stem, etc.
Based on both EEG and functional MRI, it is possible to per-
form dynamic causal modeling analyses to investigate changes
in functional or structural network connectivity after strength
training. Furthermore, EEG and EMG measures may be com-
bined in the analyses of corticomuscular coherence to assess
changes in corticomotoneuronal connectivity. Finally, stimula-
tion and recording techniques may be combined (e.g., EEG and
TMS) to investigate complex network functions. It is not un-
likely that much is to be learned about neural plasticity with
strength training by investigating changes in network function
coupling rather than focusing on single location focus. As a fun-
damental challenge, however, measurements should be per-
formed during maximal voluntary efforts, that is, at MVC or
maximal RFD, respectively, with multiple recordings often be-
ing necessary. These conditions obviously constitute an inher-
ent challenge for all the methodological approaches discussed
in the present review.

Changes in Neuroanatomy With Strength Training
Given the beneficial influence of physical exercise on brain

health (107,108) and that specific CNS structures (e.g., brain
white matter volume) are associated with muscle structure
and function (109), it becomes relevant to examine the plas-
ticity in structural neuroanatomy (gray and white matter vol-
ume or density) with strength training in both healthy and
clinical/subclinical populations. MRI-based neuroimaging tech-
niques (e.g., diffusion tensor imaging) have provided evidence
of altered corticospinal tract microstructure, manifested as en-
hanced white matter diffusivity after short-term (4 wk) strength
training in healthy adults (110). Furthermore, reduced cortical
white matter atrophy was observed at 2-year follow-up after
long-term (52 weeks) strength training in old women (~70 yr)
compared with age-matched controls performing balance-and-
toning training (111). Although sparse, these observations sug-
gest that structural and functional changes in neuroanatomy
may occur in response to both short- and long-term strength
training. Future experiments should be performed to expand
these observations in both young and old adults, potentially

including neurological patients with stroke, multiple sclerosis,
Parkinson disease, mild cognitive impairment, or dementia (in-
cluding Alzheimer disease), to identify the dose-response rela-
tion of these changes and to examine their potential positive
impact on functional capacity.

SUMMARY
The present article presents a perspective for future experi-

ments in the field of exercise-related neuroplasticity related to
strength training. We propose that the combination of specific
experimental approaches and including recently developed
techniques may provide an increased insight into the range
and mechanisms of neuroplasticity with strength training.

Specifically, it is suggested that future investigative efforts
should focus on (i) integrating multimodal measures of strength
from single muscles to complex coordination, (ii) multilevel
(spinal, supraspinal, and cortical) electrophysiological stimula-
tion and recording techniques, (iii) multimodal neuroimaging
techniques, (iv) high-density EMG recording techniques to as-
sess adaptive changes in MU recruitment and discharge modu-
lation, and (v)measures of structural and functional connectivity
accompanying strength training.

Increased knowledge about the specific spinal and supraspinal
pathways involved in the neural adaptation to strength training
is likely to be transferable into an improved design of training
and rehabilitation protocols for athletes, recreational exercisers,
old adults, and clinical patients.
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