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What is the topic of this review?

The origin, interpretation and methodological constraints of the silent period induced by

transcranial magnetic stimulation are reviewed.

What advances does it highlight?

The silent period is generated by both cortical and spinal mechanisms. Therefore, it seems
inappropriate to preface silent period with ‘cortical’ unless additional measures are
employed. Due to many confounding variables, a standardised approach to the silent
period measurement cannot be suggested. Rather, recommendations of best practice are

provided based on the available evidence and the context of the research question.

Abstract

Transcranial magnetic stimulation of the motor cortex evokes a response in the muscle
that can be recorded via electromyography (EMG). One component of this response, when
elicited during a voluntary contraction, is a period of EMG silence, termed the silent period
(SP), which follows a motor evoked potential (MEP). Modulation of SP duration was long
thought to reflect the degree of intracortical inhibition. However, the evidence presented
in this review suggests that both cortical and spinal mechanisms contribute to generation
of the SP, which makes prefacing SP with ‘cortical’ misleading. Further investigations with
multi-methodological approaches, such as TMS-EEG coupling or interaction of TMS with
neuroactive drugs, are needed to make such inferences with greater confidence. A
multitude of methodological factors can influence SP and thus confound the
interpretation of this measure; namely, background muscle activity, instructions given to

the participant, stimulus intensity and the size of the MEP preceding the SP, and the



approach to analysis. A systematic understanding of how the confounding factors
influence the interpretation of SP is lacking, making standardisation of the methodology
difficult to conceptualise. Rather, the methodology should be guided through the lens of
the research question and the population studied, ensuring greater reproducibility,
repeatability and comparability of datasets. Recommendations are provided for the best

practice within a given context of the experimental design.
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Introduction

Transcranial magnetic stimulation (TMS) over the motor cortex permits the investigation
of the corticospinal pathway, the primary conduit in the control of voluntary movement
in humans (Lemon, 2008). Evoked responses to TMS in the target muscle can be recorded
with surface electromyography (EMG). When applied during a voluntary contraction, two
EMG responses are elicited: an excitatory motor evoked potential (MEP), followed
immediately by a period of EMG silence before the activity resumes its pre-stimulus level.
This period of EMG silence is known as the silent period (SP), typically lasting ~100-300
ms, and has historically been assumed to reflect intracortical inhibition (Sdisanen et al.,
2008). Despite the limitations of current methodological approaches, it has been
suggested that spinal mechanisms might have a much more prolonged and influential
contribution to the SP than previously thought (Yacyshyn, Woo, Price, & McNeil, 2016).
Nevertheless, the relative contributions of supraspinal and spinal factors, as well as the
exact underlying mechanisms that modulate SP duration are still subject to considerable
debate. Elucidation of these mechanisms is highly meaningful as inhibitory neural
systems are essential for the modulation of excitatory input and maintenance of synaptic
stability. Whilst the SP is often not the primary outcome variable, it is used as one of the
main measures of central nervous system (CNS) inhibition, with the changes in SP being
implicated in phenomena such as neurological disease (Nantes et al., 2016), exercise-
induced neuroplasticity (Kidgell, Bonanno, Frazer, Howatson, & Pearce, 2017) and fatigue

(Goodall, Howatson, & Thomas, 2018).

Furthermore, taking into consideration the current heterogeneity of methodological
approaches used to measure this variable, recommendations of best practice should be

provided in order to improve clinical utility of SP as a measure of CNS inhibition. The
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present review describes current knowledge of mechanisms underpinning the SP;
discusses approaches to measuring the SP as well as potential confounding influences on
its measurement; and provides recommendations for best practice of SP measurement.
The information provided can guide future research and mitigate the heterogeneity which

currently exists.

Quantifying the silent period

The duration of the SP is quantified by the demarcation of SP onset and offset. Historically,
the onset of SP has been defined as either the stimulus artefact, MEP onset (relative SP),
or MEP offset (absolute SP), as shown in Figure 1. These time points can be assessed
visually or using mathematical criteria (based on the characteristics of pre- and/or post-
stimulus EMG activity; Damron, Dearth, Hoffman, & Clark, 2008). Similarly, the SP offset,
i.e. the point of resumption of pre-stimulus EMG activity, has been defined using criteria
such as “+2 SD of pre-stimulus EMG for at least 100 ms” (Goodall, Ross, & Romer, 2010),
“resumption of pre-stimulus EMG for greater than 50 ms” (Groppa et al., 2012), or by
visual inspection (Damron et al, 2008). Regardless of the analytical approach to
quantification of the SP duration, the abovementioned methods display excellent

reliability and low variability (Damron et al., 2008).

The origin of silent period

Despite some early indication that SP may be of solely cortical origin (Schnitzler &
Benecke, 1994), a plethora of evidence suggests it is mediated by both cortical and spinal
mechanisms (Fuhr, Agostino, & Hallett, 1991; Inghilleri, Berardelli, Cruccu, & Manfredi,

5
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1993; Triggs et al., 1993; Wilson, Lockwood, Thickbroom, & Mastaglia, 1993; Ziemann,
Netz, Szelényi, & Homberg, 1993). However, the exact contribution of cortical and
subcortical mediation of SP, and the mechanism(s) that are responsible for modulation of

SP duration in health and disease remain debatable.

Early lines of evidence ascribed the first 50-80 ms of SP to a spinal origin, due to the
depression of H-reflexes, an electrophysiological measure of Ia axon monosynaptic input
to spinal motoneurons (Zehr, 2002), when conditioned by TMS (Fuhr et al, 1991;
Ziemann et al, 1993). This H-reflex depression was attributed to motoneuron
afterhyperpolarisation, Renshaw cell inhibition or disynaptic facilitation via Ia inhibitory
interneurons (Cantello, Gianelli, Civardi, & Mutani, 1992; Fuhr et al., 1991; Triggs et al,,
1993; Ziemann et al, 1993). The later part of the SP is thought to be mediated by
intracortical inhibition, and the longer-lasting activity of y-aminobutyric acid (GABA;
McDonnell et al, 2006). These conclusions were based on a prolonged SP after
administration of a GABAB receptor agonist (Siebner, Dressnandt, Auer, & Conrad, 1998)
and a GABA reuptake inhibitor (Werhahn, Kunesch, Noachtar, Benecke, & Classen, 1999).
Thus, it has long been interpreted that any change in SP duration is a result of modulation
in activity of intracortical inhibitory neurons and hence SP is often prefaced by the word

cortical.

Notably, the behaviour of the H-reflex, which has primarily been used to infer the spinal
contribution to the SP, might be confounded by the marked influence of presynaptic
inhibition (Zehr, 2002). Recent evidence obtained using direct subcortical activation of
corticospinal axons, which is devoid of classical presynaptic influence (Nielsen &
Petersen, 1994) and thus arguably a more robust technique to assess motoneuron

excitability, suggested that the spinal motoneuronal component of the SP might be
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substantially greater than previously demonstrated (Yacyshyn et al., 2016). Specifically,
when electrical stimulation of the cervicomedullary junction was delivered during a ~200
ms SP, the index of motoneuron excitability (CMEP) was depressed throughout the 150
ms investigated (Yacyshyn et al., 2016). It should be noted, however, that Yacyshyn and
colleagues compared CMEPs elicited during a contraction to those elicited during the SP
(Yacyshyn et al., 2016), thus not comparing CMEPs at the same level of neural drive.
Whilst within-condition results were not reported, it appears that CMEPs were reduced
in size in the first ~80-90 ms, after which they plateaued. As such, the prolonged reduction
in CMEPs during SP might reflect the differing magnitude of facilitation stemming from
reduced neural drive, rather than the extent of spinal inhibition, which appears to be
limited to the initial ~80-90 milliseconds. This notion is also supported by findings that
the SP following CMEPs tend to be shorter than those following MEPs (Inghilleri et al.,
1993), though those responses are also accompanied by differing twitch amplitudes (see
subsequent paragraph). Alternatively, the prolonged reduction in the size of the CMEP
evoked in the SP could be a result of disfacilitation mediated by withdrawal of cortical
input. Based on complete suppression of responses to magnetic stimulation, but not
double electrical stimuli of the motor cortex when conditioned by TMS at rest, a cortical
inhibitory mechanism has been suggested to contribute to the SP at = 100 ms (Inghilleri
et al., 1993). A combined approach eliciting CMEPs and cortical stimuli during the SP,
whilst comparing unconditioned responses atrest, is warranted to delineate a more exact

contribution of spinal and cortical mechanisms to the SP.

The finding of reduced motoneuron excitability during SP elicited at 25% of maximal
voluntary contraction (MVC) was attributed to disfacilitation mediated by reduced
spindle discharge, stemming from muscle spindle unloading and increased Ib inhibition

via Golgi tendon organs as a result of a large TMS-induced twitch (Yacyshyn et al., 2016).
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However, it not clear how this hypothesis would apply to the SPs elicited during MVCs,
where TMS-induced twitches are significantly smaller compared to submaximal
contractions (Todd, Taylor, & Gandevia, 2016), making tendon organs less likely to
discharge and muscle spindles to be unloaded to a lesser extent. It seems more likely that
extra firing of muscle spindles would occur during the muscle relaxation phase at the time
of the SP as a result of muscle lengthening (Butler, Petersen, Herbert, Gandevia, & Taylor,
2012; Yacyshyn, Nettleton, Power, Jakobi, & McNeil, 2017). On this note, it is worth noting
that the SP can also be interrupted by small bursts of EMG activity or low-level of EMG
activity before recommencement of voluntary EMG (Butler et al., 2012). Although this has
been postulated to arise from ipsilateral cortical or subcortical structures (Holmgren,
Larsson, & Pedersen, 1990), it is more likely mediated by increased firing rate of muscle
spindles upon muscle lengthening as a result of muscle relaxation (Figure 2; Butler et al.,
2012). Whilst spinal inhibition cannot be discounted as partly contributing to the later
portion of SP, it seems insufficient to supress muscle spindle excitation during SP when
these EMG bursts occur. Equally, intracortical inhibition in the later part of the SP might
be insufficient to supress the late low-level EMG activity, particularly if the latter is used

to mark the end of SP.

Collectively, the aforementioned data suggests that SP is a combination of spinal and
cortical mechanisms (Figure 2). Intracortical inhibition is likely to contribute to the SP
throughout its duration due to the long-lasting activity of cortical GABAergic neurons
(Krnjevi¢, Randi¢, & Straughan, 1966). Conversely, whilst the twitch-related mechanisms
could vary with twitch characteristics (the size and duration of the twitch influenced by
the stimulus intensity; Todd et al., 2016) as demonstrated in Figure 2, the contribution of
disynaptic disfacilitation is likely restricted to the initial part of SP due to short-lasting

activity of GABAergic interneurons at the spinal cord (Inghilleri et al., 1993). Furthermore,
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recurrent inhibition stemming from the onset of a large excitatory response is likely
restricted to the initial ~40 ms after the evoked response (Bussel & Pierrot-Deseilligny,
1977). Similarly, afterhyperpolarisation of motoneurons will depend on their firing
frequency (~20-50 Hz), again restricting the contribution of this mechanism to the initial
~40 ms following a MEP (Enoka & Fuglevand, 2001). Due to these multiple concurrent
mechanisms, it seems misleading to preface SP with cortical. We suggest that the SP
should not be prefaced with an adjective such as cortical and could simply be referred to
as the ‘TMS-evoked SP’ or just ‘SP’ (when used within the context of TMS) to avoid
confusion or inaccuracy. In the cases when the SP is longer than the duration of the muscle
twitch, the inferences about the cortically-mediated changes are likely valid. Despite the
longer lasting cortical component, it remains unclear whether the temporal contribution
of spinal mediators of SP is static. Indeed, many of the postulated mechanisms thought to
contribute to the spinal component of the SP, such as disynaptic disfacilitation, recurrent
inhibition, and afferent firing from muscle receptors could conceivably be altered in
certain movement disorders (Nalbantoglu, Battal, Kiziltan, Akalin, & Kiziltan, 2016),
spasticity (Mukherjee & Chakravarty, 2010), or by fatiguing exercise (Macefield,
Hagbarth, Gorman, Gandevia, & Burke, 1991). Furthermore, it has been shown that
motoneuron excitability at 100 ms into the SP is reduced during fatiguing exercise (Finn,
Rouffet, Kennedy, Green, & Taylor, 2018), whilst the SP itself might be prolonged as a
consequence of fatigue (Goodall et al., 2018). It is possible that this increase in SP duration
and decrease in motoneuron excitability are both caused by increased inhibition of spinal
motoneurons. However, this requires a systematic investigation in the future. Perhaps
conclusions with greater accuracy about the cortical inhibitory mechanisms could be
made from the SP with concurrent investigation of spinal motoneurons excitability and

inhibition and/or by employing a multi-methodological approach, such as coupling TMS
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with electroencephalography, neuroactive drugs or magnetic resonance spectroscopy

(Ziemann, 2011).

Confounding factors influencing silent period interpretation, and
recommendations for best practice

It is well established that the SP can be influenced by a number of variables involved in
the delivery of TMS. At present, considerable heterogeneity exists in the methodological
approach to SP assessment, thus precluding comparability between studies, and
potentially inferences that can be made. Limitations inherent to measuring and analysing
the SP preclude the recommendation of a single approach to SP assessment. Rather,
researchers should aim to make informed decisions on the best approach to measure SP
based on the current evidence, the research question they pose (e.g. exercise or
pharmacological interventions, assessment of disturbances in motor system function in
health and disease), and the population under study (e.g. clinical or athletic populations).
The confounding methodological factors to eliciting and measuring the SP are discussed
below, along with recommendations about the best approaches in a given context

(summarised in Table 1).

Background muscle activity and participant instructions

By definition, the SP must be evoked during muscle contraction. Depending on the
research question and study design, researchers have chosen to induce SPs at a wide
range of contraction intensities, ranging from 10% (Goodall et al. 2018) to 100% MVC

(Mira et al., 2017). Whilst previous data is equivocal as to whether contraction intensity
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and the associated background EMG affects SP duration (Saisdnen et al., 2008; Taylor,
Allen, Butler, & Gandevia, 1997; Wilson et al., 1993), recent findings suggest the SP
duration decreases with an increase in force output (Matsugi, 2019). The author
attributed these findings to the role of inhibitory mechanisms in force control. However,
modulation of SP with contraction strength may partly be due to different characteristics
of the muscle twitch. The relationship between contraction strength, muscle twitch
characteristics and their effect on SP duration warrants further investigation. Regardless,
caution should be taken when comparing durations of SP that are not elicited at the same
level of neural drive. Sdisanen et al (2008) demonstrated that greater contraction
intensities (40-60% MVC) produce the lowest coefficients of variation. This is possibly
due to a reduction in measurement error owing to clearer identification of SP offset with
higher background EMG activity. Therefore, measuring the SP at intensities equating to
40-60% of maximal neural drive (measured, for instance, using a percentage of maximum
EMG) seems favourable. However, in clinical populations it could be challenging to
accurately perform sufficiently steady muscle contractions with this intensity and
therefore lower contraction intensities might be more suitable. Indeed, evidence suggests
that if TMS is not delivered on a steady plateau in force, the resultant TMS-evoked

response is altered (Gruet, Temesi, Rupp, Millet, & Verges, 2013).

Similarly, the post-stimulus behaviour influences SP duration. A “rebound hard and fast”
instruction given to the participant appears to shorten the SP, potentially due to increased
neural drive overcoming late SP inhibitory influences, whereas a “relax” instruction
prolonged the resumption of EMG activity for the opposite reason (Mathis, De Quervain,

& Hess, 1998). We recommend that instructing participants to rebound after the stimulus

11
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will more likely give a valid indication of inhibition for a given neural drive and mitigate

any influence of post-stimulus differences in muscle activity.

Stimulus intensity and MEP amplitude

The most influential confounding factor on SP duration appears to be the intensity of TMS
used to evoke the MEP and SP (Inghilleri et al.,, 1993; Sdisdnen et al., 2008; Wilson et al.,
1993), with longer SPs exhibited at higher intensities of stimulation until a plateau
occurring at very high stimulus intensities (Kimiskidis et al., 2005). This relationship
might be due to the influence that the preceding MEP, which inherently increase with
stimulus intensity, have on SP duration (Orth & Rothwell, 2004). Therefore, Orth &
Rothwell (2004) recommended calculating a SP:MEP ratio to reduce between-subject
variability and reflect a balance between excitatory and inhibitory mechanisms. It is
suggested that if MEP size increases without concurrent lengthening of the SP, this would
correspond to a decrease in the inhibitory influence within the CNS, with the inverse

relationship reflecting increased inhibition (Orth & Rothwell, 2004).

It is suggested that constructing a stimulus-response curve provides the most
comprehensive measure of SP and mitigates any potential influence of alterations in
motor threshold on changes in SP (Kimiskidis et al., 2005). This approach might be
suitable when combined with a lower contraction intensity, and when there is no time-
constraint associated with the assessment. However, many studies require the SP to be
captured in a timely fashion (e.g. during or following fatiguing exercise), in which case this
more time-consuming approach would be unsuitable. In these instances, studies often
measure the SP at an intensity relative to motor threshold (Goodall et al., 2018), defined

as stimulus intensity that produces a reliable MEP of minimal amplitude in the target

12
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muscle (Rossini etal., 2015). The limitation with this approach is that the motor threshold
and SP are thought to be physiologically distinct and might be modulated differently
(Kimiskidis et al., 2005), with SP potentially having a lower threshold and occurring
without an MEP (Wassermann et al., 1993). As such, using the approach where responses
are standardised to a single value relative to motor threshold could lead to inaccurate
interpretation if changes in motor threshold occur. One approach which could circumvent
this issue is to construct the SP recruitment curve pre-exercise, then use a fixed stimulus
intensity on the ascending limb of the recruitment curve when eliciting SP post exercise
(Fritz, Braune, Pylatiuk, & Pohl, 1997). Kimiskidis et al (2005) suggested that the intensity
above threshold corresponding to the plateau of the sigmoidal curve represents the
intensity at which inhibitory influences are maximised. However, at these high stimulus
intensities, the SP duration would not lie on the ascending arm of this relationship, thus
becoming saturated, and less likely to exhibit changes in response to an intervention or
disease state. As such, we suggest that stimulus intensities that elicit the SP on the

ascending limb of the recruitment curve are favourable.

Analysis of the silent period

As previously mentioned, a number of reference points have been used to define the SP
onset (Figure 1), with potential confounds arising from each of them. Since the
mechanisms that are involved in the generation of the SP are prompted after the stimulus,
the stimulus artefact seems to be the most suitable standardised reference point for SP
onset. It should be noted that when stimulus artefact is used to define SP onset, issues can
arise in populations exhibiting changes in evoked response latencies, such as the elderly
(Opie, Cirillo, & Semmler, 2018). However, it is unknown whether longer MEP latencies

are necessarily associated with a longer delay for the commencement of inhibitory
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mechanisms. Similarly, caution should be taken when defining SP onset as MEP offset in
cases where slowing of neuromuscular transmission is expected (e.g fatigue; Gandevia et
al, 2013), since an increase in MEP duration does not necessarily delay the
commencement of inhibitory behaviour. Thus, it might be appropriate to quantify and
report SP from all three time points (stimulus artefact, MEP onset, and MEP offset), and
to analyse and interpret the SP with any confounding influences in mind (e.g. MEP latency

and duration).

SP offset also presents challenges, particularly when small ‘bursts’ of low-level EMG
activity appear during the SP. The issue then becomes whether to set SP offset as the
‘burst’ or the resumption of EMG following the second suppression. As discussed earlier,
this low-level EMG is likely reflexive in origin and does not reflect the suppression of
voluntary EMG (Butler et al,, 2012). Thus, careful visual inspection or using a larger
criterion for SP offset (i.e. # 2 SD of pre-stimulus EMG) will likely avoid this issue. Since
the number of examiners can affect reproducibility (Fritz et al, 1997), using a
mathematical criterion (e.g. + 2 SD of pre-stimulus EMG) is likely to be more reliable and

is thus recommended.

A pertinent question with regards to the analysis of SP is also the number of trials
required to obtain a representative mean value of the SP duration. For MEPs, it seems that
at least 20 trials are needed to obtain an accurate estimate of corticospinal excitability
during muscle contraction (Brownstein et al., 2018). The SP tend to be less variable than
MEPs (Saisanen et al., 2008), which could suggest that fewer trials are needed. Six to eight
trials have been recommended previously (Rossini etal.,, 2015). However, future research

should attempt to provide clarity on this issue.
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Summary and future directions

The evidence presented in this review suggests the SP is mediated by both spinal and
cortical mechanisms with the relative contribution of each currently debatable.
Therefore, using adjectives in relation to the SP origin seems inappropriate. It remains
unclear whether the spinal component of the SP is invariable, and to what extent spinal
and cortical components are inter-related. Future research should explore this further in
a systematic manner. A multi-methodological approach would allow mechanistic

inferences about the modulation of SP to be inferred with a higher degree of confidence.

The silent period is influenced by a myriad of confounding factors ranging from
background muscle activity, instructions given to the participant, stimulus intensity, the
size of MEP preceding SP and the approach to analysis. In order to facilitate greater clinical
utility of SP, it is important to better understand its validity as a measure of CNS inhibition,
reliability and the factors that might confound its interpretation. Alterations of known
confounding factors should be investigated in a systematic manner, perhaps in
conjunction with the use of pharmacological agents that are known to alter inhibitory
synaptic input in the CNS, to delineate the reliability and sensitivity of different

methodological approaches.
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1 Table 1. Methodological recommendations for eliciting the silent period.
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Figure captions

Figure 1. Different types of silent periods (SP) depending on the definition of its
onset. The point of stimulus, MEP onset, MEP offset and the point of resumption of
voluntary EMG are noted by the vertical lines. The SP durations corresponding to
each SP type are noted in this example response recorded from the tibialis anterior

muscle.

Figure 2. Mechanisms contributing to generation of the silent period. A typical
mechanical response to transcranial magnetic stimulation along with electromyographic
response of the tibialis anterior muscle including background voluntary EMG activity,
motor evoked potential (MEP) and the period of EMG silence. Responses are shown at
10 and 100% of maximal voluntary contraction (MVC) strength. The right panel is the
focused version of the corresponding panel on the left. The approximate temporal
contribution of each mechanism to the silent period is noted. The red circle in the upper
right panel denotes reflex activity during the silent period as a result of muscle
relaxation following stimulation. TMS = transcranial magnetic stimulation, AHP = after

hyperpolarisation, RI = recurrent inhibition, DiDF = disynaptic disfacilitation.
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