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Abstract 

Loud acoustic stimuli can unintentionally elicit volitional acts when a person is in a state of 

readiness to execute them (the StartReact effect). It has been assumed that the same 

subcortical pathways and brain regions underlie all instances of the StartReact effect. They 

are proposed to involve the startle reflex pathways and the eliciting mechanism is distinct 

from other ways in which sound can affect the motor system. We present an integrative 

review which shows that there is no evidence to support these assumptions. We argue that 

motor command generation for learned, volitional orofacial, laryngeal and distal limb 

movements is cortical and the StartReact effect for such movements involves transcortical 

pathways. In contrast, command generation for saccades, locomotor corrections and postural 

adjustments is subcortical and subcortical pathways are implicated in the StartReact effect for 

these cases. We conclude that the StartReact effect is not a special phenomenon mediated by 

startle reflex pathways, but rather is a particular manifestation of the excitatory effects of 

intense stimulation on the central nervous system. 

 

Keywords: Acoustic stimulation; Cortex, Motor control; Motor cortex; StartReact effect.  

 

1. Introduction 

Rapid onset, brief sound bursts of moderate to high intensity can have several involuntary 

effects on the human neuromuscular system. They are eliciting stimuli for various reflexes 

including the (auditory) startle reflex, the acoustic (stapedius) reflex, the audio-laryngeal and 

audio-perioral reflexes, and the orienting reflex (see, e.g., Davis, 1984, Gogan, 1970, 

Margolis and Levine, 1991, Mcclean and Sapir, 1983, Sapir et al., 1983). They have effects 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

on the excitability of neurons in the spinal cord that are observable as changes in the 

magnitude of responses evoked from the autogenic stretch reflex pathways (Davis and 

Beaton, 1968, Paltsev and Elner, 1967, Rossignol and Jones, 1976). These effects on spinal 

excitability have been observed following stimuli that have insufficient strength to evoke a 

startle response (Rossignol and Jones, 1976). Rossignol (1975) argues that the effects are 

mediated by the startle reflex pathways, but there are more recent data to suggest cortical 

involvement (Liegeois-Chauvel et al., 1989). Associated with the startle and orienting 

reflexes is the involuntary interruption or disruption of on-going motor behaviour 

(Blumenthal et al., 2015, Sokolov, 1963, Landis and Hunt, 1939). For example, aiming a rifle 

at a target and on-going, manual tracking tasks can be seriously disrupted for a few seconds 

by a loud burst of noise (Foss et al., 1989b, Foss et al., 1989a, Thackray and Touchstone, 

1970, Vlasak, 1969), and in some tasks the disrupting effects can persist for as long as 30 

seconds (Thackray and Touchstone, 1970, Woodhead, 1958). 

 The effects mentioned in the previous paragraph are well established and some have 

been known about for over 100 years (Bowditch and Warren, 1890, Simons, 1996). Within 

the last twenty years another effect of unexpected, acoustic stimulation on the motor system 

has been discovered: a startling stimulus can trigger an action that a person is in a state of 

readiness to perform (Valls-Solé et al., 1999). This has been called the StartReact effect 

(Carlsen et al., 2004b, Valls-Solé et al., 1999) and it has considerable potential as a 

therapeutic tool in neurological conditions where movement initiation is impaired (see 

Honeycutt and Perreault, 2012, Rothwell, 2006, Honeycutt and Perreault, 2014, Honeycutt et 

al., 2015), and as an experimental tool for the study of motor preparation (e.g., Carlsen et al., 

2011, Nonnekes et al., 2015). 
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Most studies of the StartReact effect have utilized a simple reaction time (RT) 

protocol in which a person is ready to perform an action in response to an imperative stimulus 

(IS) presented in a non-auditory modality (usually vision). An accessory stimulus is not an IS, 

rather it is a stimulus that the experimental participant is instructed not to respond to. If the 

accessory stimulus is a startling acoustic stimulus presented at the same time as the IS, the 

RT is substantially shorter than the normal voluntary RT to the IS and close to the latency of 

the startle reflex response (Carlsen et al., 2004b, Valls-Solé et al., 1999).  

A popular explanation for the StartReact effect is that it involves involuntary 

triggering by the accessory loud acoustic stimulus (LAS) rather than by the IS and is 

mediated by a subcortical mechanism (Carlsen et al., 2004b, Valls-Solé et al., 1999). 

Someone who has prepared a response is hypothesized to store a motor program for this 

response in subcortical circuits; the startling stimulus evokes brainstem activity that excites 

these circuits and releases the stored program (Carlsen et al., 2011, Nonnekes et al., 2014b, 

Valls-Solé et al., 2008, Valls-Solé et al., 1999). It has been further proposed that the circuitry 

of the acoustic startle reflex is essential to the triggering process and that evoking a startle 

response is necessary for the StartReact effect (Carlsen et al., 2011, Maslovat et al., 2015, 

Valls-Solé et al., 1999). We will refer to this explanation of the effect as the startle triggering 

hypothesis. To summarize the above description, this hypothesis comprises five components: 

(1) a sudden, loud acoustic stimulus (LAS) can involuntarily evoke (trigger) a prepared 

voluntary act if presented at the right moment (the StartReact effect). (2) In order for the 

program to be triggered, the LAS must evoke a startle reaction. (3) The triggering mechanism 

responsible is implemented by subcortical circuits without involvement of the cerebral cortex. 

(4) The prepared motor program is stored subcortically. (5) All instances of the StartReact 

effect involve this same subcortical mechanism (that described in items 3 and 4). 
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Note that component (1) simply identifies the LAS as the (involuntary) trigger for the 

response, the other components describe the mechanism that is hypothesized to underlie this 

triggering process. The startle triggering hypothesis is not universally accepted and several of 

the components have been a source of controversy, such as the necessity of evoking a startle 

response (component 2) and the subcortical storage of motor programs (item 4) (see e.g. 

Alibiglou and MacKinnon, 2012, Marinovic et al., 2013, Nonnekes et al., 2014b, Stevenson 

et al., 2014, Marinovic et al., 2014c). In this review we evaluate the evidence for each of the 

five components. We argue that there is substantial evidence that loud acoustic stimuli can 

involuntarily trigger prepared actions. However, we argue that there is no evidence that 

provides unequivocal support for the other components. There is no evidence to establish 

either the necessity or the sufficiency of a startle reaction (component 2), making the term 

‘StartReact’ something of a misnomer. Components (3) and (4) together suggest that the 

StartReact effect is a subcortical phenomenon that operates without cortical involvement. We 

argue that there is no evidence to suggest that this is the case. Although some behaviours are 

undoubtedly generated by subcortical mechanisms (or ‘programs’), for others the cortex 

appears to be essential for their production, notably learned skills involving the orofacial, 

laryngeal and distal limb musculature. We argue for cortical involvement in the StartReact 

effect when the response involves learned skills that use this musculature. For other acts that 

have been claimed to exhibit StartReact effects – including saccadic eye movements and 

postural reactions – the mechanisms are likely to be entirely subcortical, indicating that the 

component (5) is not correct. We put forward the hypothesis, which we argue is supported by 

the available data, that StartReact effects for actions driven by cortically generated motor 

commands involve quite different neural mechanisms to those driven by subcortically 

generated commands. 
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2. Component 1: Can a sudden, loud acoustic stimulus involuntarily trigger a prepared 

action? 

It has been known for over 100 years that (voluntary) RTs to combinations of two or more 

stimuli in different modalities are shorter than the RTs to one of the stimuli presented on its 

own (e.g., Todd, 1912). In a typical experiment (for variants, see Colonius and Diederich, 

2012), a stimulus in one modality is the designated IS and stimuli in one or more other 

modalities serve as accessory stimuli (i.e., not to be volitionally responded to). Accessory 

stimuli are typically presented at the same time as the IS, though they may be presented up to 

500 milliseconds before it or up to 100 ms after it (e.g., Bernstein et al., 1969, Hershenson, 

1962, Gielen et al., 1983, Welch and Warren, 1986). A majority of studies have used just one 

accessory stimulus and the auditory and visual modalities (see, e.g., Diederich, 1995, Gielen 

et al., 1983). The finding is that when both the IS and accessory stimulus are presented, the 

voluntary RT is shorter than when the IS is presented alone, regardless of the whether the IS 

is visual or auditory (Nickerson, 1973, Diederich, 1995). This shortening of voluntary RT by 

accessory stimuli is known as intersensory facilitation of RT (Colonius and Diederich, 2012, 

Todd, 1912). 

There are several possible mechanisms that might account for the shortening of RT 

(Gielen et al., 1983, Nickerson, 1973, Miller, 1982, Raab, 1962). These fall into two basic 

classes: separate activation (or race) mechanisms and coactivation mechanisms (Colonius and 

Diederich, 2012). In the former, processing of the two stimuli does not interact – they are 

processed separately and so there is, in fact, no actual facilitation going on at a mechanistic 

level. In the latter, processing of the two stimuli does interact – their neural representations 

are combined or integrated in some way and so there is a form of facilitation at the 

mechanistic level. The consensus is that a coactivation type mechanism is largely responsible 

for intersensory facilitation of RT, particularly when the delay between the IS and accessory 
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stimulus is very short or zero (Diederich and Colonius, 2004, Colonius and Diederich, 2012). 

Most studies of the StartReact effect have used a RT task in which a visual IS and an 

accessory LAS are presented essentially simultaneously (e.g., Carlsen et al., 2004a, Valls-

Solé et al., 1999), but the startle triggering hypothesis proposes that combination of stimulus 

activity from the two modalities is not responsible for the RT reduction (a coactivation-type 

mechanism is not involved).  The hypothesis proposes instead that the LAS alone triggers the 

response. In this respect it is similar to mechanisms of the separate activation type, except 

that the triggering process is assumed to be involuntary and subcortical, whereas separate 

activation mechanisms are accounts of reductions in voluntary RT (see, e.g., Raab, 1962). 

The basic reason for proposing that the StartReact effect is not an instance of 

intersensory facilitation is the magnitude of the RT reductions involved. RT reductions in 

intersensory facilitation typically range from 20 to 50 milliseconds (Nickerson, 1973), 

whereas the StartReact effect involves much greater reductions (from 70 to 90 ms; Valls-Solé 

et al., 1999) such that the response latency is close to that of the acoustic startle reflex 

response. The argument is that voluntary responses to stimuli cannot plausibly have such 

short RTs nor can they plausibly be produced by coactivation type mechanisms that integrate 

acoustic and visual information (Valls-Solé et al., 2008, Valls-Solé et al., 1999). Thus, the 

conclusion has been that the StartReact effect is due to an involuntary triggering of a 

prepared response by the LAS and involves completely different neural mechanisms and 

pathways to those that underlie intersensory facilitation. 

Before it can be firmly concluded that the reductions in RT that characterize the 

StartReact effect are due to involuntary triggering by a mechanism different to those 

underlying voluntary responses to stimuli, there is another factor that needs to be excluded as 

a possible explanation: the high intensity of the accessory stimulus. It has been known since 

the early 20th Century that voluntary RTs to high intensity stimuli are shorter than those to 
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less intense stimuli (Pieron, 1914, Woodworth, 1938). The RT-intensity relationship is well 

described by a power law, known as Pieron’s Law after its discoverer (Luce, 1986). The large 

RT reductions characterising the StartReact effect could be the result either of combined 

intersensory facilitation and stimulus intensity effects, or just the latter. Carlsen et al. (2007) 

attempted an explicit test of this possibility. They found that when the accessory LAS evoked 

a startle response, RTs were 20-30 milliseconds shorter than RTs observed when no 

measurable startle was evoked, and also showed a qualitatively different variation with LAS 

intensity (see Figure 1). These results support the involvement of a fast, startle-dependent 

response-triggering mechanism that depends only on the accessory LAS.  

As discussed later (section 3), Carlsen et al.’s (2007) results are not completely 

conclusive, but there are other findings that suggest that responses can be triggered by an 

accessory LAS. These come from studies in which the LAS is presented before the IS or 

when the IS is omitted (Carlsen and Mackinnon, 2010, Kumru and Valls-Solé, 2006, 

MacKinnon et al., 2013, Marinovic et al., 2013, Nonnekes et al., 2013). For example, 

Marinovic et al. (2013) reported that for accessory LASs presented before the IS, RT 

measured from LAS onset decreased as the time period between LAS and IS delivery (LAS-

IS onset asynchrony) decreased.  However, RT measured from the time of IS delivery 

increased as the LAS-IS onset asynchrony decreased.  This pattern of results is expected if 

the response is triggered by the LAS. If responses were triggered by the IS, the expected 

pattern of results would have been a reduction in RT latency irrespective of whether RT is 

measured relative to the LAS or IS onset. In addition, Mackinnon and colleagues (2010) have 

shown that prepared responses can be elicited by acoustic stimulation occurring more than a 

second prior to the IS. Not only do these findings demonstrate that the StartReact effect is not 

an instance of intersensory facilitation, they also demonstrate that the triggering effect is not 

simply a blending together of a startle response with a slightly longer latency voluntary 
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response in the same muscles (additional evidence derives from StartReact effects that occur 

in the absence of measurable startle responses, discussed in section 3). Evidence against this 

blending hypothesis originally derived from a failure to find a statistically significant 

difference between EMG burst durations in StartReact trials and control (no LAS) trials 

(Valls-Solé et al., 1999). Such evidence is statistically very weak since it relies on confirming 

the null hypothesis, a situation made worse by the fact that startled RTs come from a very 

small number of trials per participant. 

 Thus, it would seem to be reasonably clear that an accessory LAS can trigger a 

prepared response if it is presented at an appropriate time. This triggering is unintended and 

occurs when people are explicitly instructed not to respond to the LAS. Response latencies 

are much shorter than the normal voluntary RT, suggesting that it involves different and 

faster processes that those involved in the voluntary RT.  

 

3. Component 2: Is a startle reaction necessary for triggering by an accessory acoustic 

stimulus? 

It has been argued that the triggering mechanism responsible for the StartReact effect is only 

activated by a ‘truly’ startling stimulus (see, e.g., Carlsen et al., 2007, Maslovat et al., 2015). 

A truly startling stimulus is one that evokes the ‘whole-body’ or ‘generalized’ skeletomotor 

startle response, whereas a stimulus that evokes only an eye-blink is deemed to be not ‘truly’ 

startling (Maslovat et al., 2015). Two distinct eye-blink responses can be elicited by rapid 

onset acoustic stimuli: a short latency response that can occur in the absence of any 

measurable startle-related activity, and one with a latency about 20 milliseconds longer that is 

associated with startle responses in other muscles (Brown et al., 1991, Meincke  et al., 2002, 

Rushworth, 1962). The short latency response is thought to be mediated by pathways distinct 

from those underlying the acoustic startle response in other muscles (Gironell et al., 2003, 
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Brown et al., 1991), has a lower threshold (is elicited by less intense stimuli) and is more 

resistant to habituation (Brown et al., 1991, Maschke et al., 2000). Consequently, two 

reflexes are distinguished: the short latency acoustic eyeblink reflex, considered to be an eye-

protective reflex (Brown et al., 1991), and the acoustic startle eyeblink reflex that is a 

component of the startle reflex. It is very difficult to determine from orbicularis oculi EMG 

records whether one or both responses have been elicited (Brown et al., 1991, Meincke  et al., 

2002), making the orbicularis oculi response unreliable as an indicator of a true startle 

response. A better indicator would be a response in one of the other muscles involved in the 

startle response; of the various possibilities, sternocleidomastoid (SCM) is arguably the most 

appropriate (Brown et al., 1991, Carlsen et al., 2007, Maslovat et al., 2015). 

Carlsen et al. (2007) used the SCM EMG startle response index and divided trials in 

which the LAS elicited a response (SCM+ trials) from trials that did not (SCM–). Figure 1 

shows the RTs from these two types of trial for the five different LAS intensities used. The 

figure shows evidence for two effects: (1) RTs were 20-30 ms shorter in the SCM+ trials than 

in the SCM– trials (similar to RTs in other reports of the StartReact effect); (2) RTs were 

shorter when the stimulus was more intense in SCM– trials (as expected from Pieron’s Law), 

but not in SCM+ trials. The first effect was interpreted as due to a fast, involuntary, 

subcortical triggering mechanism operative when the startle response was evoked (SCM+ 

trials). The decrease in RT with increased intensity in SCM– trials was interpreted as a 

reflection of the mechanism, presumably cortical, normally responsible for triggering 

responses in voluntary RT tasks. Given that very short mean RTs and absence of an intensity 

effect were only observed for the SCM+ trials, the authors argued that a startle response is 

necessary for the StartReact effect, and several subsequent studies have supported this 

interpretation (Carlsen et al., 2009, Honeycutt et al., 2013, Carlsen et al., 2007, Maslovat et 

al., 2015).  
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However, there are at least three difficulties with interpreting the results as evidence 

that evoking a startle is necessary for the StartReact effect. First, the results in Figure 1 are 

statistical summaries of the experimental data and do not tell us whether any short premotor 

RTs characteristic of the StartReact effect (less than 90 ms) occurred in SCM– trials. When 

premotor RT distributions rather than just means and standard deviations are presented, it is 

clear that short RTs occur in SCM– trials and long RTs occur in SCM+ trials as shown in 

Figure 2 (Carlsen et al., 2009, Maslovat et al., 2015), though the proportion of short RTs in 

SCM– trials is smaller than in SCM+ trials and the proportion of longer ones is smaller in 

SCM+ trials is smaller than in SCM– trials. In both cases the proportions are very much 

greater than in control trials (no LAS presented), where almost no RTs under 90 ms are 

typically recorded (< 1% of control trials in Carlsen et al., 2009). If short RTs occur in SCM– 

trials, then it cannot be concluded that a startle response is a necessary condition for the 

StartReact effect. Moreover, if long RTs occur in SCM+ trials, then it cannot be concluded 

that a startle response is a sufficient condition for the effect. 

 

Second, several studies have failed to find statistically significant differences between 

RTs in trials with and without SCM activation (Campbell et al., 2013, MacKinnon et al., 

2007, Nonnekes et al., 2014a, Reynolds and Day, 2007, Nonnekes et al., 2013, Rogers et al., 

2011, Marinovic et al., 2014b) and some have found evidence that the StartReact can occur 

independently of SCM activation. Using a prepulse inhibition paradigm (Blumenthal, 1996, 

Hoffman and Ison, 1980), it has been demonstrated that the SCM response can be abolished 

while leaving the StartReact effect unchanged (Maslovat et al., 2012, Valls-Solé et al., 2005, 

Lipp et al., 2006).  
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Third and last, the different shapes of the graphs for SCM+ and SCM- trials in Figure 

1 (flat and a downward trend with increasing intensity, respectively) are consistent with a 

difference in the triggering mechanisms involved, but that is not the only possible 

interpretation. Another possibility is that the triggering mechanisms are the same, but that 

there is a lower limit to the RT of around 70 milliseconds (a floor), and in the SCM+ trials a 

larger proportion of the RTs are at this floor.  

As a final point, it should be noted that a failure to observe a detectable EMG 

response in SCM is not a conclusive demonstration that a true startle response did not occur. 

Any conclusions drawn from differences between SCM+ and SCM- trials inherit this 

inconclusiveness. It stems from two sources: (1) the method used to determine SCM 

activation, (2) different effects of loud sounds on SCM activity. Surface EMG has been used 

to detect SCM activity in StartReact studies with the occurrence of a response identified 

using a multiple of the standard deviation (SD) of baseline activity as a criterion (typically 

>2SD above baseline, e.g., Carlsen et al., 2009). This method rejects any SCM responses less 

than the criterion and is likely to be relatively insensitive to activity in SCM motor units that 

are distant from the recording electrodes (De Luca, 1997). In primates the SCM is a 

compartmentalized muscle with superficial and deep compartments (McLoon, 1998): it is 

possible that if only a few deep compartment motor units are activated, the response recorded 

from surface EMG electrodes would not reach criterion and so be classed as SCM-.  In 

relation to the second difficulty, intense sounds are capable of evoking responses in SCM 

motorneurons as a result of incidental vestibular stimulation (Murofushi et al., 1999, 

Rosengren et al., 2010, Todd, 2001), which appears to be a manifestation of the sacculocollic 

reflex (Rosengren et al., 2010, Wu et al., 1999). The effect on SCM motorneurons is initially 

inhibitory as the sacculocollic reflex pathway bilaterally inhibits SCM motorneuron pools 

(Uchino et al., 1997, Wu et al., 1999). Thus, if a loud sound elicits near simultaneous 
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excitatory startle and (small) inhibitory sacculocollic reflex responses in SCM, the recorded 

response could be too small to detect, despite a startle reflex being elicited. 

A question remains, of course, regarding why RTs less than 90 milliseconds are more 

likely when SCM activation is recorded, irrespective of the stimulus intensity (at least for 

intensities greater than 93 dBa). The mechanism underlying this association between SCM 

activity and greater StartReact probability may be more or less ‘direct’. If the mechanism is 

direct, then activation of the startle pathways is not only responsible for evoking an SCM 

response, but these pathways are also the route (or a significant component thereof) by which 

LAS evoked activity is transmitted to the motor program circuits so as to ‘release’ the 

prepared response commands. In other words, activity in the startle pathways plays a causal 

role in triggering the response. If the mechanism is indirect, then activation in the startle 

pathways plays no causal role in triggering the response. In this case, another factor is at 

work that increases the excitability of reflex pathways and other pathways, including those 

that transmit LAS evoked activity to the motor program circuits. We have argued that this 

additional factor is the state of preparation for voluntary action (Marinovic et al., 2015a) as it 

has long been established that preparatory state can increase reflex excitability, including 

startle reflex excitability (see, e.g., Brunia, 1993, Valls-Solé et al., 1995, Bohlin and Graham, 

1977). According to this idea, when the level of motor preparation is high, a LAS is both 

more likely to evoke a measurable startle response and more likely to trigger the prepared 

response, but the pathways involved are different. Consistent with this idea, Mackinnon et al. 

(2013) reported that incidence of triggering of responses was correlated with 

electroencephalographic indices of cortical motor preparation. The role of motor preparation 

is discussed in more detail in section 6. 
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Overall, there is no conclusive evidence that a startle response is either necessary or 

sufficient for the StartReact effect. Indeed, the evidence that it is not necessary is arguably 

more convincing since there are clear demonstrations of RTs in the StartReact effect range 

occurring in the absence of a measurable startle response. Cases where a higher probability of 

the StartReact effect is associated with SCM activation can be interpreted as a result of the 

facilitating effects of motor preparation on reflex pathways: the motor program circuits have 

a higher level of preparatory activation and the reflex circuits are more excitable, so the LAS 

is both more likely to elicit a startle response and to trigger the prepared act. That a startle 

response is not necessary for the StartReact effect is also consistent with reports which 

demonstrate triggering of a prepared response by non-auditory, non-startling accessory 

stimuli (Fink et al., 2009). 

 

4. Component 3: Do the experimental data exclude a role for the cerebral cortex in 

triggering? 

The third component is the assertion that the triggering process is subcortical and the cortex 

plays no role in the StartReact effect (Maslovat et al., 2015, Valls-Solé et al., 1999, Valls-

Solé et al., 1995). Together with the proposal that prepared motor programs are stored 

subcortically (component 4), the idea is that that the StartReact effect is an entirely 

subcortical phenomenon. Although subcortical triggering and program implementation are 

two necessary parts of this idea, we discuss them separately because it could be that programs 

are subcortical, but that triggering them involves a transcortical pathway. In this section we 

consider the arguments for and against the possibility that the triggering pathway involved is 

transcortical. In sections 5 and 6 we consider the nature of motor programs and the locus of 

the circuits that implement them. 
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The proposal that the pathways involved in triggering are subcortical rather than 

transcortical was originally based on the latency of the evoked potentials in auditory cortex 

that reflect the cortical response to the first volley of action potentials from the thalamus 

(middle latency potentials). Valls-Solé and colleagues assumed a latency of about 35 ms 

(Erwin and Buchwald, 1986, Valls-Solé et al., 1999). If the StartReact effect involved a 

transcortical pathway, then for an upper limb response it would take at least another 15-25 

milliseconds for commands to be transmitted to the muscles and be detectable in the EMG 

(Fuhr et al., 1991). Thus, transmission of a sensory signal to auditory cortex and transmission 

of the command to the muscles accounts for at least 50-60 milliseconds of the (premotor) RT. 

Since the premotor RT averaged about 77 ms and could be as short as 65 ms in Valls-Solé et 

al.’s (1999) study, there would only be between about 5 ms and 27 ms for processing sensory 

stimuli, making a decision and transmission between cortical areas, which is unfeasibly little 

time (Valls-Solé et al., 1999). 

The above argument depends upon the estimate of middle latency auditory potentials 

assumed by Valls-Solé and colleagues. This estimate is too long as several studies have 

shown that the latency of these potentials can be as short as 11 ms (Kuriki et al., 1995, Godey 

et al., 2001). Such a latency is compatible with transmission from the cochlea to the auditory 

cortex via the trisynaptic components of the classical auditory pathway (see Moller, 2003, 

Hackett and Kaas, 2003). Thus, the amount of time available for processes intervening 

between arrival of stimulus activity in auditory cortex and production of descending signals 

increases from 5-27 ms to 30-52 ms, a range compatible with a transcortical pathway. It is 

also possible that stimulus evoked activity does not reach the cortical areas responsible for 

descending signals via the auditory cortex, but by a more direct and hence faster route 

(Alibiglou and MacKinnon, 2012). Such a route is provided by the pathway that transmits 

auditory activity via the pontomedullary reticular formation and the thalamus (Koch et al., 
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1992, Lingenhohl and Friauf, 1992, Lingenhohl and Friauf, 1994, Davis et al., 1982) to 

sensorimotor areas of the cortex (Samuels and Szabadi, 2008, Liang et al., 2013). The two 

possible routes by which auditory signals could be transmitted to motor cortical areas are 

shown in Figure 3, both are compatible with the short RTs of the StartReact effect. 

 

If a transcortical pathway is involved, the most plausible origin for the descending 

signals are those areas that give rise to the pyramidal tracts, the most important of which is 

M1. These signals would either be motor commands (if motor programs are cortical) or 

trigger signals for subcortical programs (discussion of which of these two possibilities is 

more plausible is presented in section 6). One reason for doubting that signals from motor 

cortex are involved in the StartReact effect derives from the finding that a loud auditory 

stimulus can suppress motor cortical excitability (Ilic et al., 2011, Kuhn et al., 2004, Fisher et 

al., 2004, Furubayashi et al., 2000). Suppression of the motor cortex would be expected to 

increase RTs if it is a component of a transcortical pathway and hence these findings provide 

support for a subcortical triggering mechanism that bypasses motor cortex (Valls-Solé, 2012). 

However, there are other data to suggest that the effect of the LAS depends upon the task 

context at the time the stimulus is presented. Using transcranial magnetic stimulation (TMS), 

we found that the effects depend on the preparatory state of motor system prior to an 

anticipated action (Marinovic et al., 2014c); see also (Marinovic et al., 2015b): during 

preparation for a movement, the effect of acoustic stimulation in motor cortical areas was 

found to be excitatory rather than inhibitory. This excitatory effect occurred in exactly the 

circumstances in which the StartReact effect is observed. In contrast, the suppressive effects 

were observed in circumstances in which suppression or interruption of behaviour have been 

reported (people were engaged in an on-going task of maintaining a contraction of the index 

finger flexors). Thus, the overall pattern of results is consistent with the effects of loud 
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auditory stimulation described in the introduction: such stimuli tend to interrupt (suppress) 

on-going behaviour and to trigger prepared actions when a person is in a state of readiness to 

respond. 

Another possible way to assess the involvement of a transcortical pathway is to study 

patient groups with damage to relevant cortical regions (Honeycutt and Perreault, 2012, 

Nonnekes et al., 2014b). Honeycutt and colleagues studied chronic stroke patients who 

suffered significant impairment of voluntary movement due to damage to motor cortical 

areas. They found that StartReact effects could be unaffected by such damage, which casts 

doubt on the idea that a transcortical pathway is involved (Honeycutt and Perreault, 2012). 

However, these findings do not provide a compelling case against a transcortical pathway 

because the patients had chronic conditions. In such conditions, it is known that the nervous 

systems can adapt by utilizing different brain regions and pathways to those involved when 

the nervous system is intact, a problem that has long been recognized as an issue in 

interpreting deficits in chronic patient groups (e.g., Latash and Anson, 1996). As there is 

dense interconnectivity between cortex and subcortical structures involving several areas 

outside M1, there are many possibilities for re-routing motor commands. 

A few studies have attempted to test for cortical involvement in the StartReact effect 

using TMS. Alibiglou and MacKinnon (2012) (see also (Stevenson et al., 2014) demonstrated 

that supra-threshold, single-pulse TMS over the primary motor cortex reduced the StartReact 

effect (increased RTs). TMS of this kind is known to increase RT only when delivered over 

the hemisphere contralateral to the responding limb (Ziemann et al., 1997), which led 

Alibiglou and MacKinnon (2012) to conclude that the StartReact effect involved a 

transcortical pathway. Unfortunately, the results are not conclusive (see e.g., Honeycutt et al., 

2013) due to finding that suprathresold TMS is able to interfere with normal activity in the 

reticular formation in primates (Fisher et al., 2012). If present in humans, similar interference 
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could explain the increase in RT observed by Alibiglou and MacKinnon if the StartReact 

effect were mediated by a subcortical pathway involving the reticular formation, as proposed 

by the startle triggering hypothesis (e.g., Valls-Solé et al., 2008). 

Overall, the data from studies of the StartReact effect cannot rule in or out cortical 

involvement in the phenomenon. The magnitudes of the RTs of triggered responses and the 

effects of acoustic stimuli on motor cortical excitability are consistent with a transcortical 

triggering pathway. Of course, this is not evidence for cortical involvement, it only shows 

that the cortex could be involved.  

 

5. Component 4, part 1: Are programs for prepared actions stored subcortically? 

The idea is that a ‘program’ for generating commands for the effectors is prepared in advance 

and then stored in a kind of short term memory or buffer (Rosenbaum, 2009, Schmidt, 1982) 

that is located in subcortical circuits. A program is some kind of instruction set that can be 

delivered to lower level mechanisms that carry out the instructions. These could be muscle 

commands that tell each muscle involved in the response how much to contract (or relax) (see 

e.g., Brooks, 1986, Keele, 1968) or they could be more abstract (e.g., Schmidt and Lee, 2011, 

Keele et al., 1990): for example, the minimum jerk hypothesis for movement trajectory 

formation can be formulated as follows, “[the] CNS computes a minimum jerk trajectory … 

stores this trajectory somewhere and plays it out like a tape. At each instant of time, the tape 

provides the desired state of the limb – its location, velocity and acceleration” (Shadmehr and 

Wise, 2005), p. 353). 

 A basic problem with the notion that a motor program is a stored set of commands is 

that there is no empirical evidence that any such process is implemented in any known 

nervous system and there are no good reasons for supposing that a buffering mechanism 

serves any necessary purpose in motor control (for a tutorial review see Tresilian, 2012), 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

chapter 11). There are certainly data that can be interpreted in terms of this conception of the 

motor program, but although it is appropriate for digital computers, the lack of evidence 

makes it a controversial notion in biological motor control (see, e.g., Turvey, 2009, Summers 

and Anson, 2009). In contrast, there is extensive and very good empirical evidence that many 

behaviours are generated by mechanisms that are known not to be interpretable as programs 

in the sense of a set of stored commands, including locomotion, coughs, swallows and 

saccadic eye movements (see, e.g., Grillner, 1985, Grillner, 2003, Kiehn, 2006, Robinson, 

1975, Sparks, 2002). The mechanisms involved continuously generate commands as an act 

unfolds in real time and are often referred to as central pattern generators (CPGs) for this 

reason (Grillner, 2003). In recent decades, the CPGs for saccadic eye-movements – usually 

called burst generators (Scudder et al., 2002) – have been the inspiration for models of the 

command generating processes for skills like reaching, grasping and speaking (Bullock et al., 

1998, Bullock and Grossberg, 1988, Guenther, 1995, Shadmehr and Wise, 2005, Tourville 

and Guenther, 2011). 

The subcortical storage hypothesis can be adapted to the pattern generation 

conception of motor programs simply by proposing that the CPGs for voluntary actions are 

implemented subcortically. It is known that in many animal species, including primates, the 

CPGs for a wide variety of fundamental, ‘instinctive’ behaviours are implemented in 

subcortical circuits. These include rhythmic behaviours like locomotion, chewing and 

grooming (e.g., Fentress, 1983, Grillner, 1985, Kiehn, 2006), discrete behaviours such as 

coughs, swallows, sneezes, withdrawals and saccades (Jean, 2001, Schouenborg, 2008, 

Sparks, 2002), and behaviours involving sequences such as threat displays and attack, 

predation, sexual behaviour (including courtship displays), and some foraging activities (see 

e.g., Bjursten et al., 1976, Flynn, 1972, Grillner, 2003, Grillner, 2006, Pfaff, 1999). Many, if 

not all, of these CPGs can be triggered into command production by signals produced within 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

the CNS (see, e.g., Drew et al., 2004, Schall, 2002, Takakusaki, 2008). For example, signals 

generated within the prefrontal cortex of primates are transmitted to the brainstem saccadic 

burst generators via the superior colliculi and evoke saccadic eye movements (Helminski and 

Segraves, 2003, Leichnetz et al., 1981, Schall, 2002). Essentially the same mechanism exists 

in the human brain and saccades evoked by cortically generated signals are typically referred 

to as voluntary (McDowell et al., 2008). We can voluntarily produce other acts governed by 

subcortical CPGs such as coughs, swallows, withdrawal and locomotion via signals from 

cortical areas (Grillner, 2003, Jordan et al., 2008). 

Recent results suggest that reaching actions could also involve subcortical pattern 

generators. Reticulospinal and tectospinal connections have been implicated in these actions 

(Davidson et al., 2007, Alstermark and Isa, 2012) and activity in the superior colliculi 

correlated with reaching movements has been reported in monkeys (Werner et al., 1997) and 

humans (Linzenbold and Himmelbach, 2012). That such activity plays a causal role in the 

production of reaching movements is evidenced by the finding that reach-like movements can 

be evoked by microstimulation of the superior colliculi (Philipp and Hoffmann, 2014). There 

are corticotectal projections that play a role in the control of reaching actions in monkeys 

(Borra et al., 2010, Borra et al., 2014), making it plausible to suggest that the control of these 

actions in humans and other primates could be organised similarly to saccadic eye 

movements, with subcortical pattern generators under the control of specialized cortical 

regions (see also Day and Brown, 2001). 

In summary, the subcortical storage hypothesis can be reinterpreted in terms of 

pattern generation and there is substantial evidence that the basic, unlearned motor repertoire 

is mediated by subcortical mechanisms that can be recruited volitionally by activity 

transmitted from the cerebral cortex. Could a similar organization underlie learned voluntary 

acts?  This question is addressed in the next section. 
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6. Component 4, part 2: Is pattern generation for learned actions implemented 

subcortically? 

A traditional view has been that many of the axons that make up the pyramidal tracts transmit 

voluntary motor commands from cortex to motor neuron pools, but if command generation is 

subcortical, then these tracts must be transmitting some other kind of information. One 

alternative role for motor cortex is that it is important for learning rather than the production 

of behaviour. It is known that motor areas of the cerebral cortex in rodents are important in 

the acquisition, but not the ‘implementation’ of learned behavioural changes including 

instrumental modifications of reflexes (e.g., Wolpaw, 2007) and the novel sequencing of 

innate behaviours (Kawai et al., 2015). In these cases, the cortex appears to play what has 

been described as a ‘tutor’ role in organizing subcortical mechanisms (CPGs and reflex 

circuits) to better fit the demands of the environment (e.g., Kawai et al., 2015). It has long 

been supposed that the cortex might play a similar role in the human motor skill acquisition 

(see Ashby et al., 2010).  

An established principle is that human skill acquisition involves a transition from 

cognitive control in novices to independence from cognition in experts (e.g., Bryan and 

Harter, 1897, Fitts and Posner, 1967, Snoddy, 1926). Expert performance differs from that of 

novices in speed (experts are faster), fluency (experts make fewer errors of sequencing, 

movements are more graceful with smoother transitions between components), temporal 

structure (in multicomponent skills, experts perform with a distinct temporal rhythm that is 

lacking in novices), and resistance to interference from concurrently executed cognitive tasks 

(see Ivry, 1996). These changes are thought to reflect the development of a motor program at 

a ‘sub-cognitive’ level; control by such a sub-cognitive program is referred to as automatic 

(e.g., Moors and De Houwer, 2006, Fitts and Posner, 1967).  
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The transition from cognitive to automatic control has been associated with a transfer 

from cortical to subcortical structures, such as the basal ganglia (e.g., Doyon et al., 2009, Yin 

and Knowlton, 2006). As Ashby et al. (2010) express it, “novel behaviours are mediated 

primarily in cortex … and development of automaticity is a process of transferring control to 

subcortical structures” (p. 208). Implicit in this proposal is the notion that cortical processing 

is slow, conscious and ‘cognitive’, whereas subcortical processing is fast, subconscious and 

automatic. However, it is known that fast, subconscious sensorimotor processes can occur in 

cortex (e.g., Desmurget et al., 1999, Milner and Goodale, 2006). The proposal that control is 

transferred from cortical to subcortical structures as learning proceeds suggests that there 

should be a corresponding decrease in the activity of cortical areas. However, many 

neuroimaging studies in humans and neurophysiological studies in animals have found that as 

skill acquisition proceeds, cortical activity increases in some tasks, but in others it decreases 

or shows redistribution of activity with increases in some areas and decreases in others (see 

Ashby et al., 2010). Reductions and/or redistribution of activity are what would be expected 

if the cerebral cortex plays an essential role in well-learned skills as well as in the early stages 

of acquisition. The early stages of skill learning demand conscious attention but this declines 

as learning progresses (Fitts and Posner, 1967): such a reduction in attentional demand leads 

to reduced activity in the attentional networks of the cortex but is accompanied by an 

increased activity in those areas associated with skill (cf. Wu et al., 2008). 

There is also evidence that during learning, subcortical structures – the striatum, in 

particular – could act in a ‘tutor’ role for the cerebral cortex and establish the cortical 

connectivity underlying skilled behaviour (see Ashby et al., 2007, Ashby et al., 2010). It is 

well-established that the striatum is particularly important during the initial stages of skill 

learning (Packard and Knowlton, 2002), but is not so important in later stages or for retention 

(Ashby et al., 2010, Desmurget and Turner, 2010), with the exception of some learned 
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behavioural sequences (e.g., Miyachi et al., 2002). That the striatum is implicated in learned 

sequences is consistent with its essential role in controlling the tonic inhibition of brainstem 

and spinal motor pattern generators by the output structures of the basal ganglia (Grillner et 

al., 2013). This inhibitory drive must be reduced in order to recruit subcortical pattern 

generators and appropriate temporal control and targeting of the reduction would seem 

necessary for effective performance of sequences. Given the extensive, direct projections 

from frontal motor cortical areas to the striatum (Kelly and Strick, 2004) and persistent 

activity in these areas during performance of well-learned sequences, it seems likely that the 

control exerted by the striatum also involves the cortex (cf. Ashby et al., 2010). 

Studies of the neural mechanisms of skill learning do not provide clear support for the 

traditional view of a transfer of control to subcortical structures, but rather that well-learned 

skills are mediated by circuits that involve both cortical and subcortical regions. Of course, 

this does not tell us from where the motor commands for such skills originate: even if 

retention and execution of learned skills involve essential contributions from cortical areas, it 

is possible that the commands themselves are generated subcortically. For example, if a 

learned skill involved exploitation of subcortical pattern generators recruited in a new 

sequential or concurrent fashion, then the role of cortex would be in controlling the 

recruitment pattern and not in generating the commands themselves. However, such cases 

have not been studied using the StartReact protocol, where the focus has been on discrete 

volitional acts, often involving the distal musculature of the upper or lower limbs (Carlsen et 

al., 2004a, Carlsen et al., 2009, Carlsen et al., 2007, Carlsen and Mackinnon, 2010, Landis 

and Hunt, 1939, Kumru and Valls-Solé, 2006, Nonnekes et al., 2014b, Marinovic et al., 

2014a, Lipp et al., 2006) and in two cases, the facial musculature (Marinovic et al., 2014b, 

Stevenson et al., 2014). 
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There is also strong experimental and clinical evidence to suggest that cortical 

projections to motor neurons and to segmental and propriospinal interneurons play a direct 

role in motor control, presumably transmitting voluntary motor commands. It has been 

shown, for example, that the ability to selectively activate individual muscles and joints of the 

upper limb depends upon the integrity of the corticospinal system (Hoffman and Strick, 1995, 

Lang and Schieber, 2004). A voluntary command transmission role is particularly compelling 

for direct corticomotorneuronal connections, which are most prevalent in the orofacial 

muscles, laryngeal muscles, and the distal musculature of the limbs (e.g., Iwatsubo et al., 

1990, Kuypers, 1958, Lemon, 2008, Simonyan, 2014) and have been found to be present only 

in humans and other primates (Lemon, 2008, Porter and Lemon, 1995). These facts regarding 

direct corticomotorneuronal connections have led to the proposal that the cortex plays the 

major role in generating the commands for controlling the muscles in fine manipulative skills 

involving the hands and in skills that involve the orofacial and/or laryngeal muscles such as 

speech, singing, whistling and playing wind instruments (see Porter and Lemon, 1995, 

Martin, 2005, Simonyan and Horwitz, 2011). Although the nature of the command 

information transmitted from the cortex to the motorneurons has yet to be established (see, 

e.g., Adams et al., 2013, Raptis et al., 2010, Scott, 2008), there is a general agreement that the 

signals are responsible for muscular control in fine manipulative and vocal skills. 

In summary, the available evidence suggests that the cortex plays a role in the control 

of many well-learned skills. In some cases, the commands that drive the motorneurons may 

be generated by subcortical CPGs, but the cortex is involved in establishing their pattern of 

recruitment. In the case of fine motor skills and control of single joints or muscles, motor 

cortical areas appear to be the source of the commands themselves. It is important to note that 

many studies of the StartReact effect have employed responses involving the distal 

musculature or single degree of freedom limb movements, exactly the kinds of responses that 
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are likely to involve cortical command generation. There are some exceptions, which opens 

up the possibility that there could be different neural pathways underlying different 

StartReact effects, as discussed next. 

 

7. Component 5: Does the same mechanism underlie all StartReact effects? 

The foregoing discussion has highlighted the distinction between behaviours (or components 

thereof) that are driven by subcortical CPGs and a class of learned behaviours that are 

governed by cortically generated commands. If the StartReact effect is obtained for both 

types of behaviour, then different mechanisms for the effect may be implicated. Consider first 

the case when command generation is cortical. The activity that is derived from the accessory 

stimulus would need to reach the cortical regions responsible if it is to trigger the response. 

For the case of acoustic accessory stimuli, this could occur by either of the routes shown in 

Figure 3. As described in section 2, stimulus evoked activity can reach the motor areas of the 

cerebral cortex sufficiently quickly to evoke responses with RTs in the range associated with 

the StartReact effect. We have suggested that the important mediating factor is the state of 

preparatory excitability in (or activation of) motor command generators, which is assumed to 

increase monotonically to a peak level at around the anticipated time of response initiation 

(Marinovic et al., 2013, Tresilian and Plooy, 2006). The increase in preparatory excitability is 

sometimes referred to as temporal preparation or non-specific preparation and was originally 

introduced to explain a variety of findings obtained in studies of RT (see Leuthold et al., 

2004, Los and van den Heuvel, 2001, Requin et al., 1991). According to the hypothesis we 

have put forward, command generation is triggered when the activation level of the response 

command generator exceeds a threshold (Marinovic et al., 2013, Tresilian and Plooy, 2006). 

In a RT task, this normally occurs when activity derived from the IS (a ‘go’ signal) reaches 

the command generator. When an accessory stimulus is presented, triggering may occur due 
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to a combination of activity from the IS and the accessory stimulus (a form of intersensory 

facilitation). Alternatively, if the accessory stimulus is strong enough and its evoked activity 

reaches the command generator earlier than IS activity, activity from the accessory stimulus 

alone can involuntarily trigger the response – a StartReact effect (it could also be considered 

a special case of statistical facilitation, Raab, 1962). An implication is that an accessory 

stimulus will be more likely to trigger a response when the level of preparatory excitability is 

higher and when the stimulus-evoked activity transmitted to the motor system is greater (see 

Tresilian and Plooy, 2006). 

According to this idea, how an accessory stimulus contributes to triggering and to RT 

shortening depends upon its strength and its timing. If the accessory stimulus is too weak to 

trigger the response on its own or is too late, then it can only contribute by a coactivation type 

of intersensory facilitation (adding to activation evoked by the IS). If the stimulus is 

sufficiently strong and not too late, it can trigger the response in the absence of the IS. 

Although the route by which activity evoked by an acoustic accessory stimulus reaches motor 

cortical areas is not established, results show that a LAS can affect motor cortex (Alibiglou 

and MacKinnon, 2012, Marinovic et al., 2014c, Marinovic et al., 2015b) indicating that the 

kind of effects proposed in this model are consistent with available data (see section 3). 

However, not all studies involving distal upper limb musculature have reported finding 

StartReact effects. Importantly, Carlsen et al. (2009) concluded that StartReact effects cannot 

be evoked from the distal musculature of the upper limbs and hence, by extension, that there 

are no cortically mediated StartReact effects. 

Carlsen et al.’s (2009) conclusions are based on the data in Figure 4 obtained in two 

simple RT tasks. Statistical analysis revealed no significant difference between mean RTs in 

the SCM+ and SCM– trials for the distal task, whereas mean SCM+ RTs were significantly 

shorter in the proximal task. Thus, the conclusions are based on confirmation of the null 
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hypothesis in the distal task. Not only that, but the distal response (index finger abduction 

sufficient to raise the finger tip from a switch) and the proximal response (20° elbow 

extension) are clearly not equivalent. This is a weak empirical basis from which to assert the 

non-existence of cortically mediated StartReact effects, but the data shown in Figure 4 

certainly do suggest that the two tasks differed in how RTs were affected by loud acoustic 

stimuli. The RT distributions were very similar for the two tasks in control trials (82dB 

acoustic IS, not shown in Figure 4), but in the LAS trials shown in Figure 4 (115dB acoustic 

IS) they can be seen to differ in two ways. First, the SCM+ and SCM– distributions are 

distinctly right skewed in the distal task, but less so in the proximal task. Second, the 

distributions are very similar in the distal task, whereas the SCM+ distribution is shifted 

towards shorter RTs in the proximal task. This pattern could arise in the following way: due 

to irreducible conduction delays in the CNS, RTs cannot be any shorter than a certain 

minimum which will in the order of 10 milliseconds greater for the distal task because the 

conduction distance is about 50 cm longer. The figure suggests a minimum RT of around 60 

milliseconds for the proximal task and between 70 and 80 ms for the distal task. In the 

proximal task only SCM+ trials have RTs close to the lower limit, whereas in the distal task 

both SCM+ and SCM– trials do. This indicates that in the distal task (but not the proximal) a 

relatively large proportion of RTs in response to the LAS are close to the lower limit, leading 

to right skewed distributions in which differences between trial types are too small to detect. 

In short, Carlsen et al.’s (2009) data do not demonstrate that StartReact effects cannot be 

elicited from distal limb muscles. Given that there are other data showing that StartReact 

effects can be elicited when the response is a hand, wrist or orofacial movement (Kumru et 

al., 2006, Stevenson et al., 2014, Honeycutt et al., 2013), we conclude that cortically-

mediated StartReact effects are possible. 
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 The StartReact effect has also been reported for behaviours driven by subcortically 

generated commands, including saccadic eye movements (Castellote et al., 2007) and 

anticipatory postural adjustments (Delval et al., 2012, MacKinnon et al., 2007). The case of 

anticipatory postural adjustments is different from that of the other types of the response that 

have been studied in that these adjustments are not volitional, rather they occur as automatic 

components of volitional acts such as raising a leg (Tonolli et al., 2000), taking a step or 

moving an arm (Cordo and Nashner, 1982, Horak and Macpherson, 1996). Thus, there are 

two types of subcortically generated acts that can be triggered by accessory acoustic stimuli: 

volitionally prepared acts like saccades and involuntary adjustments to or in advance of 

prepared acts. It is possible that the neural mechanisms underlying the StartReact effect in 

these two cases differ. 

Consider first anticipatory and corrective adjustments. StartReact effects have been 

reported for anticipatory postural adjustments (Delval et al., 2012, MacKinnon et al., 2007) 

and corrective adjustments to stepping (Queralt et al., 2008, Reynolds and Day, 2007). There 

is substantial evidence that such adjustments are generated subcortically (for review see 

Nonnekes et al., 2015) and they are not normally evoked as reflexive responses to acoustic 

stimuli. It seems reasonable to infer that StartReact effects for such acts involve wholly 

subcortical pathways and mechanisms; it would be speculative and implausible to suppose 

that a transcortical pathway mediates these effects. Thus, StartReact effects for anticipatory 

and corrective adjustments are likely cases of the release of subcortically generated command 

sequences in the manner proposed in the original account of the StartReact effect (Valls-Solé 

et al., 1999, Valls-Solé et al., 2008).  

As already noted, the corrective and anticipatory adjustments that can be evoked by 

accessory acoustic stimuli cannot be directly evoked by voluntary command. Saccades are 

different since the driving motor commands are produced by brainstem CPGs that can be 
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activated volitionally. However, acoustic stimuli can reflexively elicit saccades as 

components of the orienting reflex response (Sokolov, 1963). Thus, saccades triggered by 

such stimuli may be specific cases of the orienting reflex rather than examples of the 

StartReact effect. Since head turns are also components of the orienting response, a similar 

difficulty arises when interpreting head turns evoked by accessory acoustic stimuli 

(Siegmund et al., 2001). In order to conclude that short RT saccades or head turns in the 

presence of accessory acoustic stimuli are instances of the StartReact effect, it is necessary to 

exclude the possibility that they simply represent orienting reflex responses. 

One reason for regarding the left/right saccades and head turns with short RTs 

reported by Castellote et al. (2007) and Siegmund et al. (2001) as StartReact effects rather 

than orienting responses is that the sound was equal in the two ears: such stimuli would not 

normally be expected to evoke an orienting response involving horizontal saccades or head 

turns since such binaural stimulation signals that the sound source lies in the mid-sagittal 

plane of the head. However, the fact that participants in the experiments were expecting to 

make a left/right saccade or head turn in response to an IS, the interpretation is not so clear 

cut. Consider saccades: preparation for the response in the voluntary RT task involves 

specifying a target for the saccade through activation of motor maps in the superior colliculi 

(Schall, 2002, Sparks, 2002). When the saccadic system is activated by an acoustic stimulus 

via orienting reflex pathways, it is possible that target-related activation of the superior 

colliculi in readiness for the voluntary response contributes not only to the likelihood that the 

accessory stimulus will evoke a reflexive response, but also to the characteristics of that 

response. Thus, it is possible that the saccade is reflexively evoked and shaped by the 

voluntary preparation.  
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An account of this kind just described could be proposed for any subcortically 

generated response type that is reflexively elicitable by a sudden onset acoustic stimulus of 

sufficient intensity.  If this is what is happening, then the triggering mechanism is simply the 

normal reflex elicitation process and a special term for it (i.e., StartReact effect) is neither 

necessary nor useful. In order to establish the existence of true StartReact effects for 

voluntary acts that are subcortically generated, it is necessary either to empirically 

demonstrate that the orienting reflex account is incorrect or demonstrate StartReact effects for 

subcortically generated acts that are not normally elicited by acoustic stimuli. An example 

would be coughs: coughs can be produced voluntarily or reflexively, but a LAS is not an 

eliciting stimulus for reflex coughs. Unfortunately, there are no extant data that directly 

address whether a StartReact effect occurs for such behaviours.  

In summary, there are three types of behaviour that have been claimed to be 

susceptible to StartReact effects: (1) volitional acts involving single joint and/or distal 

musculature that are generally regarded as being driven by cortically generated commands; 

(2) volitional acts driven by subcortically generated commands; (3) involuntary, subcortically 

generated reactions that act to preserve upright posture or adjust the gait cycle. Of these three 

types, only data relating to (1) and (3) provide unequivocal examples of StartReact effects. 

The available data are consistent with different neural pathways underlying triggering in 

these two cases: a transcortical pathway when the commands are cortically generated (see 

section 3) and subcortical pathway(s) when the commands are generated subcortically. 

 

8. Conclusions: Is the StartReact effect special or just a special case?  

The underlying mechanisms of the StartReact effect – involuntary triggering of prepared acts 

by a sudden onset, loud acoustic stimulus (LAS) – are uncertain and have been much 

debated. The startle triggering hypothesis asserts that it is not to be explained in terms of 
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previously described mechanisms by which sounds can affect sensorimotor systems, such as 

increased reflex and corticospinal system excitability, intersensory facilitation, stimulus 

intensity effects on RT, or a blending of startle reflex response with voluntary action. The 

hypothesis makes five component assertions and the case for each was considered. Of these, 

we conclude that only the first – the effect is due to involuntary triggering of a prepared 

response by the accessory stimulus – is supported by the available data.  

The second assertion – eliciting a true startle response is essential – is not supported 

as there is no evidence that such a response is either necessary or sufficient for the effect. The 

third assertion – the triggering process is subcortical – is based largely on arguments that the 

RTs are too short to involve cortex; we showed that such arguments are ill-founded and that 

there is no evidence to demonstrate that the cortex is not involved. The fourth assertion – that 

motor commands are subcortically generated – is more complex: we argue that there are 

examples of StartReact effects in which commands are likely to be subcortically generated 

(anticipatory postural responses and corrective responses to stepping) and examples in which 

commands are likely to be cortically generated (when the ability to perform the response is 

acquired through learning and involves the orofacial and laryngeal musculature or when it 

involves single degree of freedom movements of the distal joints of the upper limb). Based on 

this, it follows that the fifth assertion – that all StartReact effects involve the same 

mechanism – is false as some StartReact effects involve cortical mechanisms, but others do 

not.  

Based on the foregoing conclusions, we propose that there are at least two neural 

pathways that can mediate StartReact effects: (1) a transcortical pathway for responses driven 

by cortically generated commands, and (2) a subcortical pathway for responses driven by 

subcortically generated commands. Subcortically generated responses include acts such as 

coughs, swallows and saccades that can be produced volitionally, and acts that are not 
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normally volitional including adjustments or corrections to postural equilibrium and 

locomotion. StartReact effects have only been unequivocally demonstrated for the latter type 

of response. If StartReact effects were clearly demonstrated for the former type (voluntary 

acts involving subcortically generated commands), the pathway(s) involved could be 

different from those mediating the effect for corrective and anticipatory adjustments. 

This proposal is consistent with the relevant anatomy of the motor system as shown 

schematically in Figure 5.  The figure presents in block diagram form the main regions and 

structures of the brain that have been discussed, together with descending motor pathways 

and pathways that conduct activity evoked by auditory stimulation and so could serve as 

mediating routes for StartReact effects. Acoustic stimuli evoke activity in the primary 

sensory neurons of the cochlear nuclei and this is transmitted via several pathways directly to 

various brainstem structures (shown in green): the superior olivary complex (SOC), the 

inferior colliculi (IC) and to various locations in the pons and medulla (Cant and Benson, 

2003). From the inferior colliculi, auditory-related activity can reach the cortex (via the 

thalamus), the superior colliculi and most of the other brainstem structures (including the 

cerebellum, which is not shown in Figure 5) (Hackett and Kaas, 2003, Moore et al., 1977). 

The pathways by which acoustic stimulation can subcortically evoke or modulate locomotor 

activity in mammals have not been fully elucidated (see, e.g., Felsen and Mainen, 2008) and 

so are not shown explicitly, but could involve connections from the superior colliculus to the 

locomotor regions and/or to the medullary nuclei in the descending locomotor pathway. 

In summary, it can be concluded that the startle triggering hypothesis is unable to 

provide an account of all StartReact effects. Furthermore, there is no reason to believe that a 

special mechanism or pathway is needed to explain these effects, which can be more 

parsimoniously interpreted as being due to the operation of established mechanisms. For 

example, for responses that involve cortically generated commands, we argued in section 6 
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that StartReact effects can be understood in terms of well-established principles of motor 

preparation in RT tasks. The basic idea is that preparatory activation of the response circuits 

builds up as the expected moment of response initiation approaches and accessory stimulus-

evoked activity can add to this activation. The result of this addition depends upon its size 

and timing: if it is sufficiently large, then it can result in the involuntary triggering of the 

prepared response in the absence of the imperative stimulus – a StartReact effect. 

Alternatively, if it is insufficient to trigger the response, it can still shorten the RT to the IS: 

the effect might then be classed as intersensory facilitation as the accessory stimulus and the 

IS jointly contribute to response elicitation. The same logic can be applied to all instances of 

the StartReact effect, regardless of the pathways and brain regions involved. Sudden onset 

acoustic stimuli have activating or arousing effects on sensorimotor systems which might be 

sufficient to initiate command generation in the absence of the usual trigger signal (a 

StartReact effect) or they might be insufficient, in which case we observe accelerated 

responses (shorter RTs). This account does not exclude other types of stimuli from having 

similar effects on the sensorimotor system and producing StartReact-type effects (e.g., Fink 

et al., 2009, Hackley et al., 2009, Ruegg and Eichenberger, 1984, Marinovic et al., 2015c) 
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Captions 

Figure 1:Mean (±SD) premotor reaction time from stimulus onset as a function of intensity 

in dBa and the presence of startle response indicators. Black circles are means for trials in 

which neither Orbicularis Oris (OOc) nor sternocleidomastoid (SCM) were recorded. Blue 

triangles are means for trials in which OOc was observed but not SCM. Red squares are 

means for trials in which SCM observed. * Significant difference from nri. ** Significant 

difference from nri and OOc only.  Reproduced from Carlsen et al. (2007). 

 

Figure 2: Premotor reaction time distribution in 10 ms bins, separated by those trials with 

SCM activation (SCM+, black bars) and without SCM activation (SCM-, white bars), for 

probe time at -40 ms before the imperative stimulus. Reproduced from Maslovat et al. (2015), 

Figure 4B. 
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Figure 3: Hypothetical cortical circuits underlying the triggering of responses by loud 

auditory stimuli. A. Transmission to motor cortical areas via the auditory cortex. B – 

Transmission to motor cortical areas directly from the thalamus. Adapted from Marinovic, 

Tresilian , et al., (2014c).  

 

Figure 4: Histograms of RT distributions for loud stimulus (115 dB) trials in the distal task 

(finger abduction response, top) and the proximal task (20° elbow extension response, 

bottom) from Carlsen et al.’s (2009) study. Data from both SCM+ trials and SCM- trials are 

shown. RTs were placed in 10 millisecond bins and the number in each bin is shown as a 

percentage of the total number of loud stimulus trials for each task. Data from Carlsen et al. 

(2009), Figure 4.  

 

Figure 5: Schematic diagram showing the major descending projections from the cortex to 

subcortical motor regions and structures, between subcortical structures and from the brain 

into the spinal cord. Individual cortical loci are not shown and no significance attaches to the 

locations at which the arrows representing descending pathways originate. The cerebellum, 

lateral connections and ascending pathways are omitted for clarity, but the basal ganglia-

thalamocortical loop is included. Also shown are the major routes by which activity evoked 

by acoustic stimulation reaches various parts of the brain. KEY: SOC = superior olivary 

complex, IC = inferior colliculus, EOM nuclei = extra-ocular muscle nuclei, 

DLR/STLR/MLR = diencephalic/subthalamic/mesencephalic locomotor regions, SNc/SNr = 

substantia nigra pars compacta/pars reticulata, GPi/GPe = Globus pallidus interna/externa, 

STN = subthalamic nucleus, CPG = central pattern generator. Solid arrow heads = (primarily) 

excitatory connections, filled circles = inhibitory connections. 
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