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Abstract It is well known that prolonged passive muscle

stretch reduces maximal muscle force production. There is

a growing body of evidence suggesting that adaptations

occurring within the nervous system play a major role in

this stretch-induced force reduction. This article reviews

the existing literature, and some new evidence, regarding

acute neurophysiological changes in response to passive

muscle stretching. We discuss the possible contribution of

supra-spinal and spinal structures to the force reduction

after passive muscle stretch. In summary, based on the

recent evidence reviewed we propose a new hypothesis that

a disfacilitation occurring at the motoneuronal level after

passive muscle stretch is a major factor affecting the neural

efferent drive to the muscle and, subsequently, its ability to

produce maximal force.

Key Points

Prolonged muscle stretching causes a reduction of

maximal force production.

A major factor causing this stretch-induced force

loss is a reduction in the motor command from the

central nervous system to the muscle.

A reduced ability to amplify the motor command at

the spinal level seems to be a major factor reducing

muscle activation after passive stretch.

1 Introduction and Overview

Static muscle stretching exercises are commonly utilised in

pre-exercise preparatory routines [1]. It is purported that

stretching exercises could increase range of motion and

decrease injury incidence, especially in high-intensity

stretch-shortening cycle activities, by increasing the com-

pliance of the muscle-tendon unit [2]. Several randomised

controlled studies [3–5] and reviews [6, 7] have reported a

positive effect of pre-exercise stretching specifically on

soft tissue muscle injury risk. Also, it has been reported

that pre-exercise muscle stretching is still common practice

amongst athletes, and that coaches usually recommend, on

average, 13 min of stretching prior to exercise [8–11] with

a typical duration of approximately 15 s per stretch [9–11].

Additionally, longer durations of muscle stretching are

commonly utilised prior to exercise in clinical rehabilita-

tion especially in patients with a range of motion deficits

[12, 13]. Indeed, in order to promote a transient increase in

muscle-tendon unit compliance some evidence indicates
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that it may be necessary to stretch for at least 4 min per

muscle group [14].

However, the use of stretching exercises before physical

activity for the purpose of performance enhancement or

injury prevention has been criticised [14–18]. Importantly,

it has often been shown that acute static muscle stretching

reduces maximal contractile force and power production,

especially when it lasts longer than 60 s (for review see

Behm et al. [6]). For example, static muscle stretching

performed with total (i.e. accumulated) duration of 60 s or

longer was found to elicit an average force reduction of

7.5% when testing was performed within a few minutes of

the stretching [19], and longer-duration stretching has been

shown to reduce force for up to 1 h [20] or more [21]. This

decrease in contractile capacity may compromise func-

tional performance that immediately follows static muscle

stretching and thus influence performance in sports or

rehabilitation exercises. Thus, there is a current need to

understand the factors influencing, and mechanisms

underpinning, this effect so that strategies that mitigate

against it can be developed.

1.1 Peripheral Hypothesis

An earlier hypothesis offered to explain force loss [22] was

that static stretch could change the mechanical character-

istics of the muscle-tendon unit itself, resulting in a

decrease in its stiffness or shifting the muscle’s operating

length to a less optimal point on its force–length relation-

ship [20, 23]. For instance, an increase in tendon compli-

ance after static muscle stretching might negatively affect

force transmission and/or cause the muscle to operate at a

shorter length, which could ultimately affect maximal force

production. This idea was based on observations that a

rightward shift in the torque-angle relationship during

maximal contractions occurs after stretch [14]. However,

changes in the torque-angle relationship cannot be taken as

evidence of changes in the muscle’s mechanical properties

as it can also be affected by neural and intrinsic muscle

properties (i.e. calcium release). Indeed, it is well known

that the whole muscle-tendon unit’s passive stiffness

decreases after static stretch [14]. Moreover, it has been

consistently shown that acute static stretching has little or

no effect on tendon stiffness and active (during maximal

contraction) muscle length, especially when a warm-up is

performed prior to the stretching (i.e. the muscle-tendon

unit has been pre-conditioned) [24–27]. This suggests that

the muscle (but not the tendon) might be more compliant at

rest but not during maximal contractions, when the active

muscle force makes the muscle stiffer.

Another hypothesis related to peripheral (muscle

based) mechanisms is that the mechanical stress caused by

static stretch can affect the excitation–contraction (E–C)

coupling process, reducing contractile force capability

[28]. Evidence for this hypothesis comes from a study of

isolated soleus muscles from rats showing that static

stretch increased myofibrillar Ca2? concentration, and

this was associated with a reduction in contractile force

(twitch tension) [29]. To date, there is no direct evidence

of this in experiments on intact human muscle. For

instance, this hypothesis was tested by Trajano et al.

[30, 31], who compared the ratio of the torque elicited by

low- vs. high-frequency electrical muscle stimulation

after stretch. Disproportional reductions in the low-fre-

quency stimulation in comparison with the high-fre-

quency stimulation (shifting the force–frequency

relationship) could be taken as evidence of disruption in

the E–C coupling process, possibly due to an increase in

myofibrillar Ca2? concentration caused by stretch

[32, 33]. However, no change in the low- vs. high-fre-

quency tetanic torque ratio was observed after stretch and

the individual variations on this ratio were not correlated

with changes in muscle force after stretch. Thus, based on

the available evidence it is unlikely that impairments of

the E–C coupling process play an important role in the

force loss caused by stretch.

1.2 Neural Hypothesis

An alternative hypothesis is that contractile force decre-

ments result from a reduced efferent neural drive (i.e.

reduced central drive) during voluntary contraction.

Efferent drive has typically been measured as a decrease in

muscle electrical activity recorded using electromyography

following acute static muscle stretching [20, 25, 34–36].

Nonetheless, it is critical to note that the reduction in

electromyogram (EMG) amplitude may more broadly

indicate either (or both) a decrease in efferent neural drive

to the muscle or changes in post-synaptic potentials within

the muscle, which typically result in a reduced force pro-

duction [37]. Thus, mechanisms associated with the

transmission of potentials, ultimately influencing E–C

coupling, may be implicated in addition to changes in

efferent neural drive based on the available EMG data.

Another important consideration is that these EMG data do

not provide information regarding the specific site at which

neuromuscular activation might be compromised (e.g.

supra-spinal, spinal or muscular). Of final note is that post-

stretch decreases in EMG amplitude are not always

observed [21, 38, 39], and it is not known whether this

results from sensitivity and reliability issues associated

with EMG measurements or rather indicates that other

mechanisms must be at least as influential on the EMG

signal as neural drive modification [40–43]. Thus, a clear

understanding of the possible effect of muscle stretching on

descending neural drive is important in the greater context
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of understanding the effects of static stretching on muscle

force production and movement performance and thus on

the likelihood of developing strategies that mitigate against

the force loss. The purpose of this review, therefore, is to

critically review the evidence for neural changes in

response to acute static muscle stretching and determine

their importance for the reduction of muscle force observed

subsequent to stretching.

2 Reduction in Supra-Spinal Drive

2.1 Evidence of Exercise-Induced Acute Changes

in Supra-Spinal Centres

Alterations in supra-spinal drive can noticeably affect

muscular force production. From an exercise-related per-

spective, reductions in muscular force during and after

continued activation of a muscle (i.e. muscle fatigue) have

been shown to result from an inability of the descending

supra-spinal drive to maximally activate the muscle’s

motor neurone pool [37]. These reductions in supra-spinal

drive have been demonstrated during and after exercise

leading to muscle fatigue through repeated [44] and sus-

tained [45, 46] maximal contractions, submaximal sus-

tained contractions [47] and long-duration (endurance)

efforts [48]. For instance, an 18% decrease in maximal

voluntary force was reported after running a marathon [48],

with this force loss attributed at least in part to a reduction

in corticospinal excitability measured as the amplitude of

the motor-evoked potential (MEP), and possibly a subop-

timal motor cortical output, measured as a reduction in

voluntary activation during cortical transcranial magnetic

stimulation (TMS) [48]. Nevertheless, it is important to

note that although it is commonly used as an indicator of

cortical excitability [49], changes in MEP amplitude or

area do not reflect only the excitability of the motor cortex

and can also be influenced by changes in motor neuronal

excitability [44]. Moreover, reductions in MEP amplitude

can be taken as evidence of a reduced efficiency of trans-

mission along the corticospinal pathway for 12 min after a

2-min maximal isometric elbow flexor contraction [45].

Taken together, these results suggest that acute reductions

in muscular force output can occur through alterations in

supra-spinal drive and that these can be observed in

humans in response to exercise. The mechanisms under-

pinning this sub-optimal input from the motor cortex to the

motor neurone are still unclear and need further investi-

gation. However, changes in the behaviour of cortical

neurones and/or the influence of afferent fibres inhibiting

the descending volley should be considered as potential

mechanisms [50].

2.2 Evidence of Stretch-Related Mechanisms Acting

on the Motor Cortex

Although there is considerable evidence supporting the

existence of a sub-optimal supra-spinal output to motor

neurones after fatiguing muscle contractions, very little is

known about how muscle stretch might affect supra-spinal

drive to the muscle. Thus, at this time there is no clear

evidence as to whether a supra-spinal depression might

influence muscular force production subsequent to a bout

of muscle stretching. It is well known that motor cortical

outflow may be influenced by sensory inflow [51], and it is

interesting to note that changes in limb position, for

example, can acutely influence the organisation of the

primary motor cortex [52, 53]. In 1953, Gellhorn and Hyde

demonstrated that changes in muscle length could affect

the extent of the cortical area from which a specific muscle

could be activated via surface electrical stimulation.

Moreover, evidence from animal and human experiments

provides convincing evidence that stretch-sensitive afferent

fibres project to the cerebral cortex. Studies using animal

(primate) models have shown that muscle spindle (i.e.

stretch-activated) type I and II afferent fibres project to

cortical areas 3a (somato-sensory cortex) and 4 (motor

cortex), which provides evidence for the possibility that

muscle stretch could influence cortical activity especially

in those areas [54, 55]. In particular, area 3a is purported to

be involved in somato-motor-vestibular integration [56].

The neurones in this cortical region can project both mono-

and poly-synaptically (via inter-neurones) to the spinal

motor neurones of the stretched muscles [51, 57] as well as

the primary motor cortex [58–60], suggesting a possible

contribution to the control of motor output. Another

interesting possibility is that inputs from joint and skin

receptors, which can project to the motor cortex via

the somato-sensory cortex and thalamus, could also inhibit

motor cortical outflow [61]. Human experiments have

consistently demonstrated the possible involvement of

cortical structures in response to the stimulation of stretch-

sensitive afferents. For instance, it has been shown that

muscle stretch could evoke cortical potentials in humans

[62, 63]. Additionally, prolonged muscle vibration (which

preferentially activates Ia afferent fibres) [64] and changes

in muscle length (i.e. towards longer muscle length) [65]

have been shown to reduce corticospinal excitability as

assessed using TMS, suggesting that input from stretch-

sensitive afferents might modulate corticospinal excitabil-

ity. In general, there is compelling evidence that prolonged

periods of sensory stimulation can modify corticospinal

excitability and motor function (for review see Veldman

et al. [66]). In light of the above-mentioned evidence, it

seems reasonable to speculate that passive muscle stretch

could acutely and directly affect motor cortical outflow
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during maximal contractions. Nonetheless, based on the

fact that this assumption has not been explicitly examined

through the study of changes in supra-spinal structures after

stretch, its contribution can currently be considered ‘pos-

sible’ (Fig. 1). Future studies using a combination of TMS

over the motor cortex to elicit MEPs together with elec-

trical stimulation of the spinal tracts over the cervi-

comedullary junction [to evoke a cervicomedullary MEP

(CMEP) and obtain responses in the arms] or the thoracic

spine [to evoke a thoracic MEP (TMEP) and obtain

responses in the legs] could help to determine the contri-

bution of cortical and sub-cortical mechanisms [67, 68].

Additionally, studies using imaging techniques (e.g. fMRI)

and other electrophysiological techniques (paired-pulse

TMS, high-density EMG motor unit decomposition, EMG-

EEG coherence) might also help to shed light on the con-

tribution of supra-spinal mechanisms.

2.3 Limitations of Previous Research Measuring

Neural (Central) Drive after Muscle Stretch

It is commonly argued that prolonged muscle stretches (e.g.

[60 s) result in a reduced muscle activity as measured by

EMG [23, 25, 28]. Specifically, a strong correlation has

been observed between the reduction in muscle force after

acute plantar flexor muscle stretching and the reductions in

EMG amplitude measured during maximal voluntary con-

traction [25]. The EMG signal is considered to be largely

reflective of the number of active motor units as well as the

discharge frequency of its action potentials [41]; however,

a reduction in EMG amplitude does not unquestionably

indicate a reduced supra-spinal (motor cortical) drive, as

changes in spinal reflex loops, motor neurone intrinsic

properties and muscle sarcolemmal action potential

propagation can affect the EMG amplitude [40, 41].

Moreover, caution should be exercised when inferring

changes in neural input (i.e. supra-spinal and spinal) to the

muscle through EMG measurements because changes in

EMG amplitude can occur in response to factors other than

changes in neural drive, such as amplitude cancellation

[43, 69–71] and motor unit synchronisation [41, 72],

changes in muscle length [72–74] and alterations in intra-

cellular action potential amplitude and velocity [40, 42].

Thus, reductions in EMG amplitude per se cannot be taken

as evidence for reductions in neural drive to the muscle.

In addition to EMG amplitude alterations, researchers

have also reported decreases in voluntary muscle activation

(%VA; as measured using the interpolated twitch tech-

nique; ITT) after acute passive stretch [20, 36], possibly

indicating a reduction in neural drive to the muscle.

However, these changes are not always seen [21, 39]. The

principle of the ITT is to apply an electrical stimulus to the

muscle or its nerve simultaneously with a maximal vol-

untary contraction (MVC) in order to increase the firing

frequency of the fibres above that which is obtained voli-

tionally, theoretically allowing for maximal muscle con-

tractile capacity to be achieved [75]. The force produced

during ‘maximal’ muscle activation is then compared to the

force produced by an electrical twitch immediately after

the MVC, producing a ratio that reflects the extent of

voluntary muscle activation [76]. Importantly, in healthy

individuals all the motor units should be recruited between

70–80% of a MVC in the vast majority of muscle groups

during slow contractions (reviewed by de Luca and Kline

[77]). Moreover, when contractions are performed with the

intention to produce fast rates of force development (as

commonly done in research studies to date), the motor unit

recruitment threshold is reduced considerably [78–82].

Therefore, all motor units should be recruited during

explosive maximal efforts and any increase in force

observed when electrical stimulation is applied during

MVCs must result from an increase in firing frequency

rather than the recruitment of additional motor units.

However, this measurement has been shown to be influ-

enced by supra-spinal, spinal and/or peripheral structures

[83–87] and cannot therefore be considered reflective only

of neural drive. For instance, measures of %VA obtained

using ITT have been reported to be affected by several

factors such as: muscle length [88], force transmission

through series elastic components [89], synchronisation of

motor unit firing causing summation of twitch forces [87]

and changes in intracellular calcium concentration [86, 90].

Another problem affecting the interpretation of previous

data is that different muscles were targeted and different

stretch protocols were used between studies, so it is not

possible to reconcile the inconsistent findings. Thus, data

obtained using EMG and ITT data have been inconsistent,

Supra-spinal
Motor cortex (possible)

Spinal
Muscle spindles  (likely)
Golgi tendon organs  (unlikely)
Free nerve endings (possible) 

Peripheral
Tendon (unlikely)
E-C coupling (unlikely)

Fig. 1 Summary of possible contribution of different mechanisms to

the stretch-induced force loss. E–C excitation–contraction
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and the use of these techniques has not allowed for accurate

delineation of the specific site(s) at which muscle activa-

tion might be modified by stretching.

Alternatively, other methods have been used to assess

changes in neural drive. Firstly, when the muscle or its

motor nerve is electrically stimulated the excitability of the

muscle membrane can be non-invasively assessed by

measuring the amplitude of the compound muscle action

potential (M-wave). Normalising the surface EMG (root-

mean-squared; RMS) signal to the M-wave maximal

amplitude (i.e. EMG:M) eliminates the effect of peripheral

changes in membrane excitability and indicates if there is a

change in central drive to the muscle [85]. Although the

rectified EMG signal is also typically used, the utilisation

of the RMS filter is recommended in order to minimise

amplitude cancelation in the signal [41], including when

the signal is normalized to the M-wave [40]. However, this

measurement can still be affected by factors such as

changes in motor unit synchronisation and amplitude can-

cellation. Secondly, the first volitional wave (V-wave),

which is an electrophysiological variant of the H-reflex

elicited by a supra-maximal stimulus intensity during vol-

untary maximal contraction [91], can be used to assess

changes in neural drive. The H-reflex is a monosynaptic

reflex evoked when the axons of the homonymous Ia

afferent are electrically stimulated at a sub-maximal

intensity on a mixed nerve [92]. When the nerve is stim-

ulated, a descending action potential (M-wave) causes

muscle contraction and the Ia afferent fibres projecting

back to the spinal cord excite the a-motor neurone pool to

create another action potential in the innervated skeletal

muscle (H-reflex). Its amplitude is usually utilised as a

measure of spinal excitability, although it also relies on the

axonal excitability of the Ia afferent fibres, the efficiency of

Ia afferent synapses (e.g. pre-synaptic inhibition) and the

net excitability of the alpha motor neurones [92–95].

However, when supra-maximal nerve stimulation is

applied during a maximal voluntary contraction, together

with the direct M-wave, the H-reflex reappears (i.e.

V-wave) as the antidromic impulses (i.e. opposite direction

of normal impulse) in the motor neurones collide with the

efferent nerve impulses caused by the voluntary contrac-

tion [96–100]. The supra-maximal intensity used during

nerve stimulation to evoke the V-wave promotes massive

excitation of all Ia afferent axons in the peripheral nerve,

subsequently recruiting both large and small motor neu-

rones [101]. The V-wave amplitude during MVCs is pur-

ported to be indicative of changes in motor unit firing

frequency (for the same reasons mentioned previously in

relation to the ITT) and may be considered a useful mea-

sure of descending drive obtained during maximal efforts.

Nonetheless, it can be directly affected by activity in

descending pathways and possibly pre-synaptic inhibition

at the spinal level. Also, it may not be reliable under some

experimental conditions, and the averaging of multiple

measures is recommended when possible [97]. Despite this

caveat, V-wave measurements could provide substantial

evidence for/against central drive modifications and can be

used to more clearly determine whether acute static

stretching influences central drive. In fact, based on the

information presented above, the concurrent measurement

of V-wave amplitude, EMG:M and %VA might provide

good evidence of central changes in neural drive after

muscle stretching. A consistent change in all three tests

could be taken as excellent evidence for an influence of

muscle stretch on efferent neural drive, and motivate more

detailed examinations of the neuromuscular pathway to

identify the site of change.

Recently two studies have investigated the effect of pas-

sive stretch on neural drive performing these three mea-

surements simultaneously [30, 31]. Both studies reported

that the magnitudes of force reduction after stretch as well as

the subsequent force recovery were strongly correlated with

the depression and recovery of these three measures (see

Fig. 2). It is also interesting to note that stretches performed

intermittently (i.e. with a 15-s interval) seemed to reduce

both peak muscular force and the measures of neural drive

(EMG:M and %VA) more than continuous stretch (i.e. a

single 5-min stretch) [30]. These two studies, in addition to

others that have shown a strong correlation between the

reduction in force after stretch and reductions in EMG

amplitude [25, 102], provide strong evidence that a reduction

in neural drive is an important mechanism affecting force

loss after passive muscle stretching. Importantly, all these

studies presented a large variability in the magnitude of the

force loss and the measured reductions in neural drive were

able to explain most of this variation (r2 = 0.85–0.26)

[25, 30, 31, 102]. However, based on these results it is not

possible to determine the specific site(s) affected by muscle

stretching (i.e. supra-spinal vs. spinal).

3 Inhibition or Disfacilitation at the Spinal Level
and the Influence of Afferent Information

The spinal circuitry is a complex network of sensory neu-

rones, inter-neurones and motor neurones that can inhibit or

facilitate descending volitional signals, and it is possible that

muscle stretching might cause inhibition or disfacilitation of

different components in this circuitry via input from afferent

fibres. Some peripheral proprioceptive structures are known

to detect muscle stretch and could be involved in the pro-

cess of the muscle’s force control. For instance, structures

such as muscle spindles, Golgi tendon organs and free nerve

endings have been suggested as the most likely candidates to

mediate the neural, and thus force, inhibition caused by
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passive stretching [20, 103–105]. The possible contribution

of each of these structures will thus be discussed.

3.1 Muscle Spindles

Muscle spindles are positioned in parallel with the muscle

fibres [106] and are innervated by large group Ia (primary

endings) and smaller group II (secondary endings) afferent

fibres [107]. The primary and secondary muscle spindle

endings can sense both dynamic and static changes in mus-

cle length [107]. Group Ia afferent fibres are known to

strongly influence motor neuronal facilitation and, more

specifically, the development of persistent inward currents

(PICs) [108]. PICs are a voltage-dependent characteristic of

motor neurones that amplify and prolong synaptic inputs,

changing the input-output relationship and producing sus-

tained membrane depolarisation [109]. In fact, in order to

achieve maximal discharge frequency, and thus produce

maximal force, motor neurones rely on the gain in synaptic

input caused by PICs [110]. Also, it has been known for

some time that prolonged (1-h) fast repetitive passive stret-

ches can negatively affect the efficiency of Ia afferent

pathway to excite a-motor neurones, measured as the H-re-

flex amplitude [106]. However, shorter durations of static

passive stretch have been shown to reduce the EMG

responses elicited mechanically by tendon taps [111] and

stretch reflexes [112] without reducing the amplitude of

electrically elicited H-reflexes [112, 113] when measured at

rest. Hence, it is possible that stretch-mediated reductions in

the efficiency of the Ia afferent pathway to elicit excitatory

postsynaptical potentials might arise from desensitisation of

muscle spindles rather than pre-synaptic inhibition of Ia

terminals and could impair the ability to develop PICs in

spinal motor neurones and ultimately reduce the ability to

produce maximal force. The possibility that motor neurone

disfacilitation is an important contributor to the force loss has

been suggested previously [114]; however, these authors

argued that the disfacilitation would occur due to an inability

of volitional fusimotor drive (beta and gamma intra-fusal

motor neurones) to increase muscle spindle discharge after

stretch without considering, and testing, possible PICs con-

tribution. Recently, new insights into this hypothesis have

stemmed from a study where it was observed that motor

neuronal facilitation (possibly PICs) was inhibited after

5 min of passive stretch [115]. In this study the motor neu-

rone’s ability to facilitate synaptic input from muscle spin-

dles was tested using a protocol where electrical stimulation

was superimposed onto tendon vibration (without the pres-

ence of volitional motor command). This protocol was used

because it elicited muscle contractions through a reflex arc

(Ia pathway) and also demonstrated features compatible with

the presence of PICs (length-dependency, self-sustained

motor unit firing, and wind-up effect) [109]. Interestingly,

the ability to elicit contractions through the reflex arc was

reduced after passive stretch, while contractions elicited by

direct activation of motor axon branches were not, suggest-

ing that the ability to use sensory input to amplify motor

output was reduced. Also, the temporal profile of the

Pre-stretch Post-stretch 15 min post-
stretch
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Fig. 2 Example of data

obtained from a subject before

(pre-stretch), immediately after

(post-stretch) and 15 min post-

stretch. a The soleus V-wave

amplitude reduction after stretch

followed by recovery 15 min

later. The same behaviour can
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activation measured by the

interpolated twitch technique
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(c) and plantarflexor torque
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the plantarflexor torque

occurred with a concomitant

reduction and recovery of

central drive. EMG

electromyogram, RMS root-

mean-squared
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recovery of the motor neurone facilitation was similar to the

recovery of muscle force and central drive shown in

other studies [20, 25, 30, 31, 105]. This finding strongly

suggests that motor neuronal disfacilitation, possibly medi-

ated by an inhibition of the Ia pathway, could be an impor-

tant factor affecting the stretch-induced force loss. However,

it is still not clear whether pre- or post-synaptic mechanisms

contribute to this phenomenon. Future studies should focus

on testing: (1) the motor neurone excitability by using

CMEPs (or TMEPs) and F-waves (for review see McNeil

et al. [116]); and (2) other well-established spinal circuits

using paired H-reflexes techniques (e.g. pre-synaptic inhi-

bition and reciprocal inhibition) (for review see Pierrot-

Deseilligny and Burke [95]).

On a final note, it is important to consider the possible

influence of neuromodulators (e.g. monoamines) on

the motor neurone disfacilitation caused by stretch.

Monoamines [i.e. norepinephrine (NE) and serotonin (5-

HT)] play an important role in PIC facilitation in the spinal

cord, by hyperpolarizing its activation voltage [109]. Also,

an increase in monoamine concentration can exert facili-

tatory effects on the motor neurone itself such as: depo-

larization of the resting membrane potential,

hyperpolarisation of the spike threshold and reducing the

spike afterhyperpolarisation amplitude and duration (for

review see Heckman and Enoka [117]). For instance, 5-HT

reuptake-inhibitor drugs (i.e. citalopram and escitalopram)

have been shown to increase stretch reflex responses

[118, 119] and to increase the input-output gain in human

motor neurones [119]. Thus, experiments with pharmaco-

logical interventions targeting the increase in monoamin-

ergic drive at the motor neurone level might help to shed

light on whether an increase in motoneuronal facilitation

could mitigate or abolish the stretch-induced force loss.

3.2 Golgi Tendon Organs

Golgi tendon organs are located predominantly at the

myotendinous junction and are innervated by group Ib

afferent fibres [120]. These afferent fibres sample the

force produced by the muscle fibres attached in series with

the receptor [121–124]. It was hypothesised that Golgi

tendon organs could play a role in the stretch-induced force

loss because Ib fibres are known to cause autogenic inhi-

bition, decreasing the excitability of the homonymous

motor neurone [20, 36]. However, one key problem with

this hypothesis is that Golgi tendon organs seem to respond

to stretch typically under some level of muscle activity (i.e.

active stretch) [125]. Also, Golgi tendon organs have been

reported to be a poor passive stretch-sensitive receptor

when whole muscles are tested in physiological conditions

[123, 126, 127]. A second problem is that tendon organs

could cause facilitation rather than inhibition during

muscle stretch in some cases (e.g. Ib excitation during the

stance phase of locomotion [128–132]). A third problem is

that Ib inhibition of homonymous motor neurones seems to

be depressed during higher force contractions [133] and

higher levels of volitional descending drive [134], probably

through pre-synaptic control exerted by the supraspinal

centres [135]. This suggests that Ib inhibition might have

little, if any, influence during maximal voluntary contrac-

tions. Also, it is interesting to note that the Ib pathway

receives many other sources of input (i.e. descending

pathways, Ia, cutaneous and joint receptors) that could

control both facilitation and/or inhibition of the Ib

interneurone [120]. In addition, in humans it has been

demonstrated that Ib-mediated autogenic inhibition has a

duration of approximately 60 ms which would be insuffi-

cient to explain the longer duration inhibitory effects

caused by passive stretch [125, 136]. Thus, presently there

is a lack of evidence for the assumption of a significant

influence of Golgi tendon organs on the stretch-induced

force loss, and further work needs to be done to define its

possible contribution. Studies investigating the inhibitory

area on the ongoing EMG caused by electrical stimulation

over the triceps surae muscle-tendon junction [125, 137] or

with paired H-reflexes [138] could help to improve our

understanding of the effects of stretch on Ib-inhibition.

3.3 Free Nerve Endings

Another interesting possibility is the involvement of free

nerve endings, located at the muscle or connective tissue,

in the process of muscle tension control. For instance, it has

been shown that free nerve endings innervated largely by

group II and III afferent fibres are sensitive to stretch [139].

Moreover, it is thought that these free nerve endings are

responsible for the clasp-knife reflex [140], which is a

typical response in humans with spasticity, which promotes

a fast reduction in the muscle’s passive tension in response

to stretch [120]. Interestingly, this inhibition lasts beyond

the termination of stretch [141]. It is therefore reasonable

to speculate the involvement of free nerve endings in the

force inhibition caused by passive muscle stretching;

however, this assumption has not been verified and further

studies are necessary to test this hypothesis.

4 Conclusion

Current research has provided evidence that neural mech-

anisms might contribute to the loss of muscular force

capacity within minutes of prolonged (e.g.[1 min) muscle

stretching. Reductions in neural drive to the muscle have

been extensively reported in the literature with the utili-

sation of different techniques, however it is not clear where
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in the neuraxis these reductions occur. It is reasonable to

speculate the possible involvement of supra-spinal struc-

tures on stretch-induced force loss, but there is still a lack

of experimental data to support this hypothesis. Future

studies using both cortical and spinal cord stimulation

techniques may shed light on the possible contribution of

supra-spinal mechanisms to the stretch-induced force loss.

However, reduced spinal excitability and impaired motor

neurone facilitation processes are currently seen as

important potential candidates to explain force loss

(Fig. 1). There is still a lack of data investigating whether

other peripheral sensory structures (Golgi tendon organs

and free nerve endings) might contribute to stretch-induced

force losses. An understanding of these will be essential if

methods of mitigating the loss of force after muscle

stretching are to be developed.
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