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Abstract

The present study was designed to test the vicious cycle hypothesis, which posits

that stuttering is caused by overmonitoring the preverbal speech plan. We measured three

electrophysiological neural markers elicited by errors: the error-related negativity (ERN),

the error positivity (Pe), and alpha suppression. Stutterers showed a heightened ERN

peak regardless of whether they actually committed an error, but ERN amplitudes were

dampened in the severe stutterers relative to the mild stutterers. In contrast, stutterers did

not display a greater Pe peak than nonstutterers, but severe stutterers had a heightened Pe

relative to mild stutterers. These results suggest that error detection is heightened in

stutterers and error awareness is heightened in severe stutterers, but the negative

correlation between ERN amplitude and stuttering severity makes it unlikely that

pathological overmonitoring is the only cause of stuttering. We propose that a

multifactorial understanding of stuttering, with overmonitoring as one cause of many,

may be a superior account of the disorder. Finally, we discuss the possibility that

preverbal speech monitoring may utilize the same neural mechanisms as action-

monitoring.
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Preverbal Error-Monitoring in Stutterers:

An Electrophysiological Investigation of the Vicious Cycle Hypothesis

Speaking feels so natural that we may forget what a complex computational task

it is. To produce speech, the brain must determine what message to communicate, choose

appropriate words to express this message, select the correct speech sounds for these

words, and finally produce a motor plan for articulating the desired speech (Levelt,

Roelofs, & Meyer, 1999). An error in any one of these stages could cause an utterance to

be embarrassing, inappropriate, or even incomprehensible. How, then, do we manage to

produce such rapid speech with so few errors? Self-monitoring of speech plays a critical

role in preventing speech errors, but some researchers have suggested that detecting and

correcting errors in the preverbal speech plan comes with a price: decreased fluency

(Postma, Kolk, & Povel, 1990). According to this covert repair hypothesis, syllable

repetitions, syllable prolongations, and other types of disfluencies are the side-effect of

“covertly” correcting errors in the internal speech plan, such as selecting the wrong

syllable (Postma & Kolk, 1993). The vicious cycle hypothesis extends this reasoning to

explain stuttering, a speech disorder characterized by increased disfluency, as the result

of overmonitoring the internal speech plan (Vasic & Wijnen, 2005). The present study

was designed to investigate the neural correlates of preverbal speech monitoring and test

the hypothesis that this monitor is hyperactive and maladaptively rigid in stutterers.

Speech Production and Self-Monitoring

Levelt’s Model of Speech Production

One of the most influential models of speech production was proposed by Levelt

(1989, 1991; Levelt et al., 1999). This theory breaks down speech production into a series
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of successive stages, each completed by a distinct cognitive component. Speech

production begins with the formation of a message to communicate, which occurs in the

conceptualizer. This message, however, is still in a propositional code rather than natural

language, so from here, it must be sent to the formulator to translate the conceptual

message into language. First, the concepts are translated into lemmas , which contain all

the syntactic and semantic content of words but without the phonological content. These

lemmas are then subjected to morphological encoding, in which the appropriate

morphemes—the smallest units which carry meaning—are selected. Next, the formulator

completes phonological encoding, assigning phonemes—the smallest units of sound—

and syllables to the developing speech plan. This abstract phonological representation is

made into a concrete plan for pronunciation during phonetic encoding. Whereas the

phonological plan consists of discrete, categorical phonemes and syllables, the phonetic

plan depends on context, and is therefore subject to phenomena such as the blending of

adjacent syllables and coarticulation of speech sounds to accommodate neighboring

speech sounds (Wheeldon & Levelt, 1995; Carroll, 2008). This phonetic plan is sent from

the formulator to the articulator, which is responsible for planning the motor execution of

the speech.

The Perceptual Loop Theory

The perceptual loop theory of self-monitoring is built into Levelt’s model of

speech production (Levelt, 1989). According to this theory, there are two distinct loops of

self-monitoring: an external loop, in which overt speech is judged by the monitor and

repaired if necessary, and an internal loop, in which the preverbal speech plan is

monitored in much the same way. In the external loop, the auditory system attends to
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one’s overt speech and decomposes it into phonetic strings, which are parsed by the

speech comprehension system and fed into the monitor, which in turn scans the speech

for errors. In the internal loop, in contrast, speech is monitored before ever being uttered.

In addition to being sent to the articulator, the inner phonetic plan is sent to the speech

comprehension system, which parses it and sends this parsed speech to the monitor. Both

the internal and external loop are perceptual in the sense that they make use of the speech

comprehension system, which parses one’s own speech in the same way as speech

produced by others. Furthermore, both overt and inner speech are conjectured to

ultimately be judged by the same cognitive component: the monitor.

Evidence for overt and preverbal speech monitoring

There is a great deal of evidence that both inner and overt speech are monitored

and can be repaired. For instance, Postma and Noordanus (1996) instructed participants

to recite original tongue twisters and press a button whenever they detected an error in

their speech. To distinguish between the different types of self-monitoring, the

participants completed the task in four conditions: reciting the tongue-twisters mentally

without overt speech, reciting them mentally and mouthing the words, reciting them

overtly but with their voice masked by white noise, and reciting them overtly under

normal conditions. Participants detected more errors in the normal speech condition, in

which both inner speech monitoring and overt speech monitoring (through the auditory

channel) are possible. Furthermore, in the other three conditions, in which inner speech

monitoring but not overt speech monitoring could occur, participants reported equal

numbers of errors, suggesting that self-monitoring does not differ between mental speech,

mouthed speech, and noise-masked speech. Levelt’s assertion that the monitor is
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sensitive to errors in the preverbal speech plan finds support in the fact that errors were

detected in the absence of auditory feedback during mental speech, mouthed speech, and

noise-masked speech (Levelt, 1989; Postma & Noordanus, 1996). Furthermore, the

increased error detection rate during normal overt speech suggests that the external,

auditory channel is another important route of self-monitoring, as Levelt (1989)

conjectured.

However, one major weakness in the Postma and Noordanus (1996) study is that

the authors only measured reported error rates, not actual error rates, so it is impossible to

determine whether the differences between reported error rates in the four conditions

were due to differences in participants’ ability to detect their errors between the

conditions, as the authors believed, or due to differences in error frequency. Thus, we

cannot conclude that self-monitoring is necessarily superior in normal speech than in the

three conditions in which auditory feedback was not available. Alternatively, error

frequency may be higher in normal speech, which causes the number of reported errors to

be higher.

Other researchers have confirmed the existence of overt speech monitoring using

other methods. The disruptive effects of altered auditory feedback on speech highlights

the importance of auditory feedback for producing adequate speech (e.g., Ratner,

Garronski, & Rice, 1964). In a study by Levelt (1989), participants were shown a pattern

of colored nodes which they had to describe to other participants. Their descriptions were

recorded and analyzed, and Levelt (1989) found that about half of participants’ errors

were followed by a spontaneous self-repair, a verbal correction to their speech. For

example, one participant was observed saying: “And above that a horizon-, no a vertical
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line to a pink ball” (Levelt, 1989, p. 458). Levelt (1989) interpreted these self-repairs as

evidence for overt speech monitoring because they occurred after the overt production of

speech errors. It is difficult to understand how self-repairs could occur in the absence of

self-monitoring.

Unlike overt speech monitoring, preverbal error-monitoring cannot be observed

directly because the repairs occur prior to articulation. However, Motley, Baars, and

Camden (1983) were able to infer the existence of preverbal error-monitoring in a series

of experiments using laboratory-induced verbal slips. In their research paradigm, pairs of

words flash on the screen and whenever a buzzer sounds, participants must read the

current word pair. After a series of phonologically-similar word pairs, such as boy mouse ,

bad mouth , and big moth , a phonologically-dissimilar word pair, such as mad bug in this

series, often prompts a spoonerism: bad mug. Baars, Motley, and MacKay (1975) found

that participants commonly turned mad bug into bad mug and barn door into darn bore ,

but were less likely to turn dart board into bart doard or bad goof into gad boof. Thus,

there appeared to be a bias in their slips that favored real words over nonsense words

(Motley et al., 1983). Dell and Reich (1981) found the same pattern by analyzing

naturalistic speech errors: slips that yield real words are more common than slips that

yield nonsense words. But as Motley et al. (1983) point out, it is impossible to know

whether a spoonerism slip will yield real words or nonsense words until one actually

switches the letters. Thus, the most parsimonious explanation of these findings is

participants are capable of monitoring and editing their speech output prior to articulation

(Motley et al., 1983). By this reasoning, participants commonly make the spoonerism

slip, but their preverbal error-monitoring sometimes catches and corrects the mistake
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before it is articulated (Motley et al., 1983). Apparently, slips that result in nonsense

words are easier for the monitor to detect than slips that result in real words (Motley et

al., 1983).

A study by Motley, Camden, and Baars (1981) provides evidence for this

interpretation of the lexical bias in spoonerisms. When the spoonerism of a word pair

yields a taboo word (e.g., tool kits, which produces the cool tits slip), the slip is less likely

than when it yields relatively neutral words (e.g., barn door, which produces the darn

bore slip). But more importantly, when the participants had the opportunity to make a

taboo slip (e.g., cool tits) but said the correct response (e.g., tool kits) instead, Motley et

al. (1981) found that they had a higher galvanic skin response and a longer latency before

responding. These results suggest that these participants actually made the slip in the

preverbal speech plan, but their inner speech monitoring found the error and corrected it

prior to articulation (Motley et al., 1981). It is hard to explain why participants would

have a higher galvanic skin response after not making an error unless they made the

taboo slip mentally (Motley et al., 1981).

Mechanisms of preverbal self-monitoring

If we monitor our speech plan prior to articulating it, what features are we

evaluating and correcting? And how, specifically, does this preverbal monitoring occur?

Wheeldon and Levelt (1995) examined the monitor’s mechanisms more closely by

introducing a new experimental paradigm: instructing bilingual participants to translate

English words into their Dutch equivalents and then judge whether a given phoneme

occurs in the translated Dutch word. The authors found that participants were able to

complete this task more quickly when the target phoneme occupied an earlier syllable
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than a syllable towards the end of the word, suggesting that the monitor examines the

speech plan sequentially, from the beginning to the end in order (Wheeldon & Levelt,

1995). More importantly, only the position of the syllable containing the target phoneme,

not the amount of time it would take to articulate the initial syllables, affected reaction

time. Moreover, when Wheeldon and Levelt (1995) included a spoken counting task

concurrently with the experimental task to prevent participants from articulating the

translated word, the effect on reaction time was minimal. Taken together, this evidence

suggests that participants were monitoring an abstract, phonological code, not a phonetic

or articulatory code (Wheeldon & Levelt, 1995). This finding casts doubts on Levelt’s

hypothesis that the phonetic, not phonological, speech plan is monitored preverbally

(Levelt, 1989). Indeed, Levelt et al. (1999) have revised the initial perceptual loop theory

to accommodate this new evidence that preverbal error-monitoring targets the

phonological speech plan.

There have been other challenges to the perceptual loop theory (Levelt, 1989).

The perceptual loop theory asserts that monitoring occurs via the speech comprehension

system; in other words, the speech plan is parsed in the same way as speech produced by

others. However, production-based monitoring models have disputed this claim (Postma,

2000). In these models, the monitor can actually “look inside” the different components

of the speech production system, such as the formulator, to directly judge the correctness

of the preverbal speech plan (Laver, 1980, as cited in Postma, 2000). If speech

comprehension is not an integral component of preverbal error-monitoring, then the

unfinished, intermediate aspects of speech planning are also available for monitoring

(Laver, 1980, as cited in Postma, 2000). In contrast, Levelt (1989) assumed that only the
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finished phonemic or phonological plan would be subject to monitoring because only

completed plans can be interpreted by the speech comprehension system.

Neural correlates of verbal self-monitoring

What functional brain regions are responsible for verbal self-monitoring? In other

words, where in the brain should we look for the monitor? According to the modular

view of the mind backed by Pinker (1997), we might expect the monitor to be a

language-specific brain area. When our ancestors’ brains were faced with a

computational problem, such as determining the precise pattern of muscle movement

necessary to grasp a fruit or identifying an object based on the pattern of light entering

the retina, natural selection ultimately programmed the brain with a solution to this

problem (Pinker, 1997). By this view, the mind is like a Swiss army knife, with each can

opener and pair of scissors analogous to a cognitive module, such as motor control or

object recognition. This modular view of the brain asserts that the mind is not a general-

purpose thinking machine, but instead consists of a number of individual modules, each

designed to solve a particular problem.

Although many functions have been identified with particular brain areas and

many brain areas have been identified with particular functions, some brain areas appear

to play a role in many different tasks, thus challenging the assertion that the brain is

entirely composed of discreet modules with specific duties (Pinker, 1997) rather than

flexible and general-purpose cognitive systems. In particular, the anterior cingulate cortex

(ACC) is believed to mediate error-monitoring in a wide range of contexts (Holroyd &

Coles, 2002). The error-monitoring activity of the ACC is usually studied through the

error-related negativity (ERN), a negative-going deflection in an electroencephalography
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(EEG) recording which peaks approximately 80 ms after errors (Gehring, Goss, Coles,

Meyer, & Donchin, 1993; Holroyd & Coles, 2002). EEG source localization techniques

have identified the ACC as the most probable neural source of the ERN, and a clinical

case study of a patient with an ACC lesion found that his ERN was abnormally weak

(Miltner, Braun, & Coles, 1997; Gehring, Himle, & Nisenson, 2000; Ullsperger & von

Cramon, 2006; Swick & Turken, 2002). Moreover, functional magnetic resonance

imaging (fMRI) studies have found that after participants make an error or receive

feedback alerting them that they erred, activity in the ACC is heightened, and there is a

correlation between ACC activity and ERN amplitude following errors (Holroyd et al.,

2004; Mathalon, Whitfield, & Ford, 2003).

Because the ERN can be observed both after participants commit an error and

after they receive feedback alerting them that they have made an error, the ERN is

believed to reflect error detection rather than the processes which give rise to errors

(Miltner, Braun, & Coles, 1997). When the laboratory task requires participants to

respond with their feet rather than their hands, the ERN is still observed (Holroyd, Dien,

& Coles, 1998). Likewise, in tasks where participants respond to stimuli using eye

movements, incorrect eye movements elicit the ERN (Van’t Ent & Apkarian, 1999).

Moreover, the ERN is abnormally high in patients with obsessive-compulsive disorder —

a condition associated with aberrant executive functioning—and symptom severity is

correlated with ERN amplitude (Gehring et al., 2000). Even in nonclinical populations,

generalized anxiety severity is correlated with ERN amplitude, indicating that the neural

activity which generates the ERN is more pronounced in anxious individuals (Hajcak,

McDonald, & Simons, 2003). Taken together, the modality-independence of the ERN
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and its relevance for clinical disorders of executive functioning suggest that the ERN

reflects generalized error-monitoring rather than the task-specific error-monitoring that

the modular view of the brain would predict.

Holroyd and Coles (2002) have proposed a mechanism by which the ACC

engages in error-monitoring. According to this theory, the basal ganglia provides

dopaminergic input to the ACC to signal the quality of events’ outcomes. This dopamine

signal is strong when the result of an event or action is better than expected, but weak

when the result is worse than expected. Thus, the ACC can use this signal to train itself to

filter out motor behaviors and strategies that typically lead to negative outcomes but

permit those behaviors and strategies that have had positive results in the past. The ACC

is not in itself a motor control area, but instead acts as a filter governing other motor

areas. According to Holroyd and Coles (2002), the ERN is generated by the

reinforcement learning signal sent from the basal ganglia to the ACC, and therefore

reflects an adaptive cognitive control mechanism. Ullsperger and von Cramon (2006)

have since validated a major tenet of this theory by showing that patients with basal

ganglia damage do not generate an ERN even if they have an intact ACC. Moreover, the

amplitude of the ERN in cognitive tasks typically correlates positively with accuracy on

the subsequent trial, indicating that a strong ERN predicts adaptive behavior changes

(e.g., Carp & Compton, 2009). Nonetheless, the fact that the ERN is elevated in patients

suffering from obsessive-compulsive disorder appears to suggest that a very strong ERN

is not always beneficial; the error-monitoring system in these patients may be

maladaptively hyperactive (Gehring et al., 2000).
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In addition to the ERN, two other neural markers are elicited by performance

errors: the error positivity (Pe), a positive-going deflection which typically peaks between

200 ms and 400 ms post-response, and suppression of the high alpha frequency band (10-

14 Hz). While the Pe and alpha suppression are studied far less commonly than the ERN,

researchers have recently begun to examine the functional differences between the ERN,

Pe, and alpha suppression. Little is known about the functional significance of the Pe (see

Overbeek, Nieuwenhuis, & Ridderinkof, 2005 for a review), but there is some evidence

that the Pe reflects the activity of a conscious error-monitoring system whereas the ERN

reflects the activity of an automatic and unconscious error-monitor. In particular,

Nieuwenhuis, Ridderinkhof, Blom, Band, & Kok (2001) found that Pe is much larger

after errors that participants are aware of than unperceived errors, whereas the ERN is

prominent regardless of whether participants are aware of their errors. Similarly, highly-

hypnotizable subjects show a reduction in Pe amplitude while hypnotized but the ERN is

unaffected (Kaiser, Barker, Haenschel, Baldeweg, & Gruzelier, 1997). Moreover, the

system that generates the Pe may play a role in modulating the autonomic nervous system

because the Pe but not the ERN has been linked with an increase in skin conductance

after errors (Hajcak, MacDonald, & Simons, 2003). The Pe, like the ERN, has been

source-localized to the ACC (van Veen & Carter, 2002; Herrmann, Rommler, Ehlis,

Heidrich, & Fallgatter, 2004).

Alpha suppression—a decrease in the power of the alpha band following error

trials compared to correct trials—has received even less attention, and hypotheses about

its functional significance are still largely speculative. Because alpha activity is

associated with low levels of arousal (Davidson, Jackson, & Larson, 2000), alpha
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suppression may reflect an increase in alertness after errors (Carp & Compton, 2009).

Preliminary evidence suggests that alpha suppression may be maladaptive: Carp and

Compton (2009) found that alpha suppression is associated with an increase in post-error

slowing, whereas the ERN and Pe are associated with an increase in post-error accuracy.

The ERN and Pe have been source-localized to the ACC (Mathewson, Dywan, &

Segalowitz, 2005), but Carp and Compton (2009) reported that alpha suppression is most

evident over the more posterior parietal site, which is consistent with the evidence that

alpha is generated in the posterior of the brain (Moosmann et al., 2003).

Returning now to the question of speech monitoring, is it possible that brain areas

not dedicated specifically to language might regulate speech? Szathmary and Szamado

(2008) have argued that language in particular poses a strong challenge to the modular

view of the mind because of the interdependence of language and nonlinguistic cognitive

functions like audition, motor control, and short-term memory. Perhaps language also

relies on a nonlinguistic error monitor. The system that generates the ERN appears to

monitor a wide variety of behavior (Holroyd & Coles, 2002; Holroyd et al., 1998;

Gehring et al., 2000), so some researchers have speculated that it may also monitor

speech: “the central (perceptual) monitor guarding the progress of one’s utterances may

be the same which checks the throwing of darts or the pressing of a button in a decision

situation” (Postma, 2000, p. 127). From an evolutionary perspective, it may have been

easier for natural selection to recruit the ACC for speech monitoring during the evolution

of language than select for an entirely new structure to perform this role. Just as feathers

and wings originally evolved for thermal regulation but were exapted for flight (Ramos,
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Vaz, & Saalfeld, 2006; Kundrat, 2004; Gould, 1991), perhaps the ACC originally

evolved for action-monitoring but was exapted for speech-monitoring.

However, there are technical and conceptual difficulties associated with

experimentally localizing the source of preverbal error-monitoring. For an fMRI study to

determine the source of preverbal error-monitoring, for example, the researchers would

have to design the study such that participants monitored their speech prior to articulation

in one condition but not in the other. Depriving participants of auditory feedback prevents

them from monitoring their overt speech, but preventing them from covertly monitoring

their speech has proved to be far more difficult.

Because of the difficulty involved in studying preverbal error-monitoring, most of

the research has focused on the monitoring of overt speech through the auditory pathway,

but even this research has been problematic. In a meta-analysis of 82 imaging studies on

speech production, Indefrey and Levelt (2004) concluded that the bilateral superior

temporal gyri, with the exception of the right anterior temporal gyrus, are involved in the

monitoring of overt speech. The ACC was not implicated. However, these results are

based on the questionable assumptions of the researchers. To find the areas involved in

self-monitoring of overt speech, Indefrey and Levelt (2004) looked for areas activated by

silent listening but activated even more strongly by overtly speaking. However, verbal

self-monitoring involves more than simply listening. Like action-monitoring, verbal self-

monitoring is believed to involve comparing the intended behavior to the actual

behavior—or in the case of preverbal monitoring, the intended speech plan to the actual

speech plan—in order to determine if they disagree (Guenther, 2006; Vasic & Wijnen,



Preverbal Error-Monitoring 17

2005). Thus, the monitor need not be active during silent listening, when there is no

speech production so no such comparisons are necessary.

Other researchers have relied on different comparisons, however, to isolate verbal

self-monitoring. Guenther (2006) used fMRI to compare activity in different brain

regions while participants produced one-syllable words unperturbed or with altered

auditory feedback: as participants spoke, the frequency of their voice was shifted up or

down through their headphones. Guenther (2006) found more activity in the posterior

superior temporal gyrus and planum temporale during unperturbed speech, which the

author interpreted as evidence that these areas are involved in self-monitoring of overt

speech. No difference in ACC activity was observed. However, it is not clear that the

comparison truly isolates verbal self-monitoring. Although feedback was altered in the

experimental condition, it was not eliminated, so there is no reason to believe that

participants ceased to monitor their own speech. In fact, altering the auditory feedback

could conceivably have increased verbal self-monitoring if more effort were required to

decode the altered feedback.

Many researchers, however, have found evidence that the ACC is involved in

verbal self-monitoring using a wide variety of techniques and designs. Fu et al. (2006)

presented participants with speech samples and instructed the participants to judge

whether the samples were self-produced or other-produced. Additionally, Fu et al. (2006)

distorted the frequency of some of the speech samples. Thus, in both the Guenther (2006)

and Fu et al. (2006) study, the experimenters manipulated the frequency of the feedback,

although the distortions were made on-line during speech production by Guenther (2006)

but off-line to prerecorded samples by Fu et al. (2006). Moreover, the data were analyzed
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differently in the two studies. Guenther (2006) assumed that verbal monitoring would be

dampened when feedback was distorted, but Fu et al. (2006) instead assumed that the

monitor would be more active during the presentation of distorted speech than

undistorted speech because the monitor is sensitive to differences between actual and

intended speech, and these differences are great when speech is distorted. The ACC, as

well as a number of speech perception areas, were more active when participants were

presented with their own distorted speech than when presented with their own undistorted

speech. These results suggest that the ACC is responsive to mismatches between actual

and intended speech, and therefore may serve as the verbal monitor (Fu et al., 2006).

Because Guenther (2006) showed more interest in the undistorted minus distorted

subtraction than the distorted minus undistorted subtraction, the specific brain regions

activated in the latter comparison are not reported, so it is impossible to directly compare

the results of Guenther (2006) and Fu et al. (2006).

A study by Masaki, Tanaka, Takasawa, and Yamazaki (2001) provides

converging EEG evidence that the ACC is involved in self-monitoring of overt speech.

Participants performed a vocal Stroop color word task in which they were required to

name the color of a word presented, even when the word itself spelled out a different

color. Masaki et al. (2001) observed an ERN after incorrect verbal responses, suggesting

that the system which generates the ERN acts as the verbal monitor in addition to action

monitor. However, speech production in the task is artificial and need not involve

identical processes as naturalistic speech production, so Ganushchak and Schiller (2006)

argue that these results may not generalize to language production in contexts outside the

laboratory.
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Although many neuroimaging studies of verbal self-monitoring suffered from

design flaws which limit our interpretation of the data, Christoffels, Formisino, and

Schiller (2007) were able to implicate the ACC in the self-monitoring of overt speech in a

relatively clean experiment. The authors used fMRI to compare participants’ brain

activity during a picture-naming task in a variety of speech production conditions:

unimpaired overt speech, overt speech with pink noise preventing participants from

hearing their own voice, and silent inner speech. Furthermore, brain activity was

measured while participants listened to pink noise or listened to themselves naming

pictures from a recording made prior to the fMRI scan. The crucial comparison was

between producing unimpaired overt speech and producing overt speech with pink noise

because overt speech monitoring is only possible in the former, not the latter.

These researchers found that the ACC and basal ganglia were more active in the

unimpaired overt speech condition than the overt speech with pink noise condition,

suggesting that these regions may play a role in overt speech monitoring. However,

unimpaired overt speech was also associated with activity in many brain areas not

hypothesized to be important for monitoring, such as the pons. Furthermore, the

difference in brain activation between the two conditions could be due to differences in

the acoustic characteristics of pink noise as opposed to language. Testing this possibility,

the researchers found that listening to pink noise versus one’s own voice does not affect

activity in either the ACC or the basal ganglia. Thus, it is implausible that the increase in

ACC and basal ganglia activity from speaking with pink noise present to speaking

unimpaired could be attributed to differences in the acoustic characteristics of pink noise
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and speech. As Christoffels et al. (2007) argue, these results provide strong evidence that

verbal error-monitoring relies on the ACC rather than a language-specific monitor.

There has been much less research investigating inner-speech monitoring rather

than overt-speech monitoring, but the data collected so far suggest that the ACC also

functions as the monitor for inner speech. In an fMRI study, Yetkin et al. (1995) found

that the ACC is active for silent reading in addition to reading aloud, but the authors

made no attempt to distinguish self-monitoring from other speech functions in their

experimental design, so we can only conjecture that the ACC performed a monitoring

role during the reading tasks. More convincing evidence comes from Ganushchak and

Schiller (2006), who instead used EEG techniques. Participants performed a go/no-go

phoneme monitoring task: they were presented with a picture which they had to internally

name, and they then had to press a button if the target phoneme was present in this word

or not press anything if the target phoneme was not present. For example, participants

might be presented with a picture of a basketball and asked whether /b/ appears in the

word. An ERN was observed in the EEG waveform after participants committed errors,

and in a second study, time pressure was shown to dampen this verbal ERN, as is

typically observed for nonverbal tasks. These results suggest that the ACC acts as the

preverbal monitor and that the effectiveness of the preverbal monitor can be reduced by

time pressure, indicating that it is a resource-limited process (Ganushchak & Schiller,

2006).

However, the Ganushchak and Schiller (2006) study is limited in that it cannot

distinguish verbal slips from action slips, so it is possible that participants’ errors were

due to motor mistakes in the button press rather than verbal mistakes in the phonological
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speech plan. Ganushchak and Schiller (2008) addressed this concern in a follow-up study

by including distractor words in the task. The authors found that the magnitude of the

ERN was affected by whether the distractor words were semantically-related or

semantically-unrelated to the picture to be named. If the ERN which follows errors in the

phoneme-monitoring task were a response to action slips in the button press rather than

linguistic slips in the preverbal planning stage, then it is difficult to understand why the

ERN would be sensitive to semantics (Ganushchak & Schiller, 2008). Thus, these results

provide some support for the authors’ assertion that the ERN can be generated by

preverbal error monitoring, not only action monitoring.

In conclusion, there are a number of methodological difficulties associated with

researching the neural correlates of verbal self-monitoring, but there is growing evidence

that the ACC, as opposed to a language-specific module, monitors both overt and covert

speech. Interest in the neural mechanisms of verbal self-monitoring may seem purely

scientific and academic, but the issue has significant implications for clinical disorders

such as stuttering.

Stuttering

Stuttering is a fluency disorder characterized by repetitions and prolongations of

phonemes, whole words, or even entire phrases (Howell, 2007). For example, the

following speech was observed in a 12-year-old suffering from stuttering: “I don’t like

sssschool. The other kids tease me about my, about my sssstutter. Lessons are OK except

when, when I have to speak in class. Th.there are some teachers who p.p.p.pick on me.

They make me sp/eak in class mmmore than my, my m.mates, er just to embarrass me”

(Howell, 2007). The rhythm of the child’s speech was interrupted by many common



Preverbal Error-Monitoring 22

forms of stuttering, such as phoneme prolongations, phoneme repetitions, word

repetitions, phrase repetitions, and inappropriate breaks within a word (Howell, 2007;

Postma et al., 1990; Postma & Kolk, 1993).

However, not all stutterers present identical symptoms (Yairi, 2007). Some

researchers have therefore attempted to classify stutterers into different subtypes on the

basis of their symptoms, the causes of their stuttering, and the development course that

their stuttering takes (Yairi, 2007). For example, stuttering is typically subdivided into

developmental stuttering, which begins in childhood and can persist throughout life, and

acquired stuttering, which is the result of traumatic injury to the brain (Craig & Tran,

2005). The symptoms and causes are known to be different for the two subtypes

(Rosenfield, Viswanath, Callis-Landrum, DiDanato, & Nudelman, 1991), but for the

purposes of this paper, the discussion on stuttering will be limited to the developmental

subtype. Although many attempts have been made to subtype developmental stuttering

even further, some clinicians and researchers have resisted this trend by suggesting that

stuttering is not even a discreet disorder; rather, stutterers are simply individuals who

experience higher levels of the same type of disfluency that all speakers are vulnerable to

(Yairi, 2007).

In a review of the epidemiological literature on stuttering, Craig and Tran (2005)

reported that young male children show a point prevalence of 2%, which is higher than

the 0.8% rate found in young female children, the 0.8% rate found in male adolescents,

and the 0.2% rate found in female adolescents. Thus, stuttering appears to be more

common in males than females, but the cause of this gender difference is unknown.

Moreover, the fact that it is more common in young children than adolescents and adults
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suggests that a substantial portion of stutterers recover, many without ever having

received treatment (Craig & Tran, 2005; Craig et al., 2002). Furthermore, the gender gap

increases with age, indicating that females are more likely to recover than males

(Ambrose, Cox, & Yairi, 1997).

The Covert Repair and Vicious Cycle Hypotheses

In order to understand the covert repair hypothesis, we must first distinguish

between speech errors, self-repairs, and disfluencies—all of which are produced by both

stutterers and fluent speakers, albeit with different frequency (Postma et al., 1990).

Speech errors, or verbal slips, are nonhabitual deviations from the intended speech.

Speech errors include blending two words, substituting the incorrect phoneme, syllable,

or word for the correct one, and omitting a necessary phoneme, syllable, or word (Postma

et al., 1990). The spoonerisms studied by Motley et al. (1983) are also a type of speech

error (Postma et al., 1990). Speech errors do not interfere with the rhythm of speech; they

are typically articulated fluently (Postma et al., 1990). However, after making a speech

error, speakers may interrupt the flow of their speech to make a self-repair, which is a

short utterance designed to correct the error (Postma et al., 1990). Self-repairs are

sometimes delayed until the end of a phrase, but other times they immediately follow the

speech error, such as in the following speech sample, translated from Dutch: “We start in

the middle with ..., in the middle of the paper (Levelt, 1983, p. 52). Here, the speaker

detected a whole-word substitution of “with” for “of” and immediately instituted a self-

repair. Self-repairs are often preceded by editing terms, such as “that is” and “or rather”,

which signify that a self-repair will follow, although the preceding example shows that

not all self-repairs are accompanied by these editing terms (Levelt, 1983).
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In contrast to speech errors, disfluencies are not characterized by any obvious

mistake in the speech (Postma et al., 1990). Rather, disfluencies are interruptions in the

continuity or rhythm of speech. The most important types of disfluencies are phoneme

prolongations, phoneme repetitions, word repetitions, phrase repetitions, and blocks

(Howell, 2007; Postma et al., 1990; Postma & Kolk, 1993). According to the covert

repair hypothesis (Postma et al., 1990; Kolk, 1991; Postma, Kolk, & Povel, 1991), the

disfluencies produced by both stutterers and nonstutterers are more similar to self-repairs

than to speech errors. Just as self-repairs disrupt the fluency of speech in response to

overt speech errors, disfluencies disrupt the fluency of speech in response to covert

speech errors (Postma et al., 1990). More specifically, Postma and colleagues (1990)

have suggested that when the monitor detects an error in the preverbal phonological

speech plan, the speech production system institutes a covert repair prior to articulation,

but this repair process has a cost. Covert repairs cannot be performed instantaneously and

the buffer between the word currently being spoken and the planned word currently being

monitored is believed to be less than a second (Postma, 2000). Thus, a covert repair of

the planned speech often interferes with the fluency of the current speech because speech

cannot be resumed until the new speech plan is available (Postma et al., 1991; Vasic &

Wijnen, 2005). If the rhythm of speech is disrupted temporarily while the preverbal

speech plan is edited, then disfluencies are the side-effect of covert repairs (Postma et al.,

1990; Postma & Kolk, 1993).

Although the covert repair account of disfluency has implications for all speakers,

much of the interest in it stems from its relevance to stuttering (Kolk, 1991). If covert

repairs are the cause of disfluency and stuttering is a disorder characterized by excessive



Preverbal Error-Monitoring 25

disfluency, perhaps stuttering is caused by an unusually high incidence of covert repairs

(Postma & Kolk, 1990; Kolk, 1991). But why would stutterers perform these covert

repairs if it makes their speech disfluent? The original authors of the covert repair

hypothesis have suggested that stutterers have deficits in their phonological processing,

thus causing their preverbal speech plan to contain more errors which need to be covertly

repaired (Postma & Kolk, 1990; Kolk, 1991). More recently, however, Vasic and Wijnen

(2005) offered an alternative possibility: perhaps stutterers have normal phonological

processing but an abnormally strict monitor. According to this vicious cycle hypothesis

(Vasic & Wijnen, 2005), stutterers have a hypervigilant monitor which marks

unimportant or perhaps even imperceptible errors in the speech plan as deviant, and the

resulting covert repairs greatly decrease speech fluency. However, the vicious cycle

hypothesis and covert repair hypothesis disagree more in tone and emphasis than in

substance. Indeed, vicious cycle authors Vasic and Wijnen (2005) posit that stutterers’

oversensitivity to their own errors may ultimately stem from linguistic deficits in early

childhood, and covert repair authors Postma and Kolk (1990) have suggested that

stutterers monitor their speech more strictly than fluent individuals.

Behavioral evidence

The covert repair hypothesis has found some support in behavioral studies.

Nonstutterers produce more disfluent utterances when under time pressure (Howell &

Sackin, 2000), perhaps because the buffer between the word being spoken and the word

being covertly repaired is shorter, therefore making covert repairs more disruptive.

Moreover, disfluencies are more common in long and syntactically-complex utterances,

which are likely to contain more errors in the preverbal speech plan and therefore require
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more covert repairs (Yaruss, Newman, & Flora, 1999). In a more direct test of the covert

repair hypothesis, participants had to read tongue twisters aloud in two conditions: one in

which the instructions indicated that accuracy was very important, and another in which

the instructions said that accuracy was not important (Postma et al., 1990). Speech errors

were far less common in the high-accuracy condition, but disfluencies and self-repairs

were not affected by the manipulation. These results suggest that disfluencies are more

similar to self-repairs than speech errors, as the covert repair hypothesis asserts. When

participants attend to accuracy, they are apparently quite effective at reducing the number

of errors that they make. Disfluency and self-repair rates, in contrast, do not drop in the

high-accuracy condition because these phenomena are responses to speech errors rather

than errors in themselves.

In a follow-up study, Postma and Kolk (1992b) directly replicated these results.

Moreover, the authors found that noise-masking, which prevents participants from

hearing their own voice, decreases the number of disfluencies and self-repairs but has no

effect on speech errors. Because disfluencies and self-repairs, but not speech errors,

appear to be affected in the same way by experimental manipulations, these results

provide further evidence that disfluencies are more similar to self-repairs than to speech

errors. It is somewhat surprising, however, that participants’ disfluency rate would drop

from noise masking if disfluencies are truly due to internal monitoring, which is not

affected by auditory feedback. Postma and Kolk (1992b) interpreted these results by

suggesting that noise masking makes participants less likely to monitor their speech,

perhaps because noise is distracting and therefore takes away attentional resources from

the monitor.
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Postma and Kolk (1990) replicated the effects of the accuracy manipulation in

stutterers. Like fluent speakers, stutterers showed a decrease in the number of speech

errors in the high-accuracy condition but no effect of condition on the number of self-

repairs or disfluencies. The only difference between the stutterers and nonstutterers was

that the stutterers had a much higher ratio of disfluencies to speech errors than the

nonstutters, which follows from the definition of stuttering. The fact that stutterers and

nonstutterers have the same pattern of results suggests that disfluencies are more similar

to self-repairs than to speech errors for both populations. Moreover, stutterers, like

nonstutterers, are more likely to be disfluent in long and syntactically-complex

utterances, perhaps because such utterances are likely to contain more preverbal speech

errors requiring covert repairs (Yaruss, 1999; Yaruss, Newman, & Flora, 1999). Thus,

stutterers’ disfluency does not appear to be an exotic phenomenon far removed from

everyday experience. On the contrary, the disfluency that they experience seems to be the

result of the same covert repair process that produces disfluency in fluent speakers. Why,

then, are stutterers more disfluent than nonstutterers?

Some researchers have examined phonological processing in stutterers to

determine whether they have a phonological-processing deficit which causes their

increased disfluency rate, as the covert repair hypothesis predicts (Postma & Kolk, 1990;

Kolk, 1991). To date, the evidence is mixed. In a study by Sasisekaran and De Nil

(2006), stutterers were presented pictures of words and had to silently name them or were

presented the words through headphones, and in both cases they then had to judge

whether a target phoneme was in the word. Stutterers were no slower than nonstutterers

in making these phonological judgments after hearing the words, but stutterers required
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more time than nonstutterers to judge whether target phonemes were in the names

corresponding to the pictures. These results suggest that stutterers have adequate

perception but slower phonological processing, as the covert repair hypothesis predicts

(Sasisekaran & De Nil, 2006). Sasisekaran, De Nil, Smyth, and Johnson (2006) have

since replicated these results.

Other researchers have found evidence of phonological deficits in stutterers using

different experimental paradigms. Wijnen and Boers (1994) found that nonstutterers are

quicker to recognize a target word if it is preceded by a cue word which has the same

initial letter as the target, but stutterers show no such effect. In other words, stutterers do

not show typical phonological priming, suggesting that they may have delayed or

otherwise aberrant phonological processing (Wijnen & Boers, 1994). However, Melnick,

Conture, and Ohde (2003) failed to replicate this finding, although they believe that this

null result was due to large individual differences and within-subject variability in the

data.

Whereas the covert repair hypothesis highlights phonological problems as the

ultimate cause of stutterers’ covert repairs and therefore disfluency, the vicious cycle

hypothesis asserts that covert repairs are more common in stutterers only because their

monitor is overactive and hypervigilant (Kolk, 1991; Vasic & Wijnen, 2005). Lickley,

Hartsuiker, Corley, Russell, and Nelson (2005) found that stutterers, in comparison to

controls, tend to judge prerecorded utterances as being highly disfluent, regardless of

whether the utterance is produced by a stutterer or a nonstutterer. These results support

the idea that stutterers have very strict criteria for judging an utterance as adequate.

However, when Postma and Kolk (1992a) instructed participants to press a button after
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each speech error while recording a speech sample, the authors found that stutterers and

nonstutterers had similar error-detection rates and error-detection speeds, thus

contradicting the conclusion of Hartsuiker et al. (2005) that stutterers are hypersensitive

to problems in speech. Because of these conflicting results, it is not clear from this line of

evidence whether stutterers are truly harsher critics of speech.

Pursuing a different line of experimentation, Vasic and Wijnen (2005) obtained

some support, albeit indirect, for the vicious cycle hypothesis. If the monitor is overactive

in stutterers and subject to modulation by attention, then perhaps distraction would

improve fluency in stutterers. Stuttering and nonstuttering participants provided speech

samples in four different conditions: normal speech, speech while playing an easy video

game, speech while playing a harder version of the same game, and speech while

performing a distractor task—monitoring the ongoing speech for the occurrence of a

particular pronoun. Vasic and Wijnen (2005) found that stutterers experienced a

significant drop in their disfluency in all three experimental conditions, especially the

difficult video game condition, compared to the control condition of normal speech. The

authors interpreted these findings as evidence that disfluencies are dampened when the

monitor’s attentional resources cannot be devoted entirely to speech. The fact that the

video game had an even greater effect than the linguistic distractor task suggests that the

monitor is not language-specific (Vasic & Wijnen, 2005). The performance monitoring of

the ACC is not limited to a particular domain or type of task (Holroyd & Coles, 2002;

Holroyd et al., 1998; Gehring et al., 2000), so conclusion of Vasic and Wijnen (2005) that

the verbal monitor is not language-specific is consistent with the view that the ACC is the

verbal monitor.
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Neural evidence

Some researchers have turned to biopsychological rather than behavioral methods

to investigate the same issues. In an EEG study, Weber-Fox, Spencer, Spruill, and Smith

(2004) recorded the latency and magnitude of stimulus-locked ERPs while participants

completed a rhyme judgment task in which they had to determine whether a word pair

rhymed. Stutterers had longer reaction times than controls, especially for the more

difficult trials in which the words did not rhyme despite congruent orthography (e.g.,

shown , down), suggesting that stutterers may have inferior phonological abilities (Weber-

Fox et al., 2004). However, the different ERPs, each corresponding to a particular aspect

of stimulus processing, were normal in the stutterers with respect to both timing (latency)

and strength (magnitude). Because reaction times were inferior but ERPs were normal,

these results provide only limited support for the covert repair hypothesis—namely, that

stuttering is caused by an abundance of covert repairs in response to defective

phonological planning (Weber-Fox et al., 2004). The possibility of abnormal monitoring

was not addressed in the study.

Other studies, however, have examined the neural correlates of verbal monitoring

in stutterers, and therefore pertain more to the vicious cycle hypothesis than the covert

repair hypothesis. Using fMRI, Giraud et al. (2008) found that stuttering severity

correlates with the degree of activity in the basal ganglia during a silent reading task, and

Wu et al. (1997) used PET with tagged dopamine to detect higher levels of presynaptic

dopamine in the basal ganglia of stutterers. These abnormalities are often interpreted as

evidence for motor control problems in stutterers, especially with regard to timing (e.g.,

Alm, 2004), but because the basal ganglia are an integral part of the performance-
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monitoring circuit with the ACC (Holroyd & Coles, 2002), these findings may also be

compatible with the vicious cycle hypothesis that stutterers have an overactive verbal

monitoring system. The dopaminergic input that the basal ganglia provide to the ACC is

vital for training the ACC for self-monitoring (Holroyd & Coles, 2002), so aberrant

dopaminergic input may render the ACC unable to adequately distinguish acceptable

from faulty speech plans. This interpretation is consistent with the finding that stutterers

are more likely than nonstutterers to misjudge utterances as disfluent (Lickley et al.,

2005, but see Postma & Kolk, 1992a for a failure to replicate).

However, even though there appear to be abnormalities in stutterers’ basal

ganglia, especially with regard to the dopamine system, it is unclear whether the

dopaminergic input that the basal ganglia provide to the ACC in particular is also

irregular. More direct evidence for the vicious cycle hypothesis comes from studies of the

ACC rather than basal ganglia of stutterers. Brown, Ingham, Ingham, Laird, and Fox

(2005) conducted an fMRI study on speech production by stutterers and fluent

individuals. The brain areas activated more strongly during the speech of stutterers

include the ACC, among other motor areas (Brown et al., 2005). Given that the ACC

appears to play a role in verbal error-monitoring (Christoffels et al., 2007; Masaki et al.,

2001; Fu et al., 2006; Ganushchak & Schiller, 2006; Yetkin et al., 1995), these results are

consistent with the vicious cycle hypothesis that stutterers have an overactive monitor.

Furthermore, De Nil, Kroll, Kapur, and Houle (2000) showed that during silent reading,

the ACC is more active among stutterers than nonstutterers.
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The Present Study

There is evidence that the ACC acts as the speech monitor and the ERN reflects

the activity of this monitor (Christoffels et al., 2007; Masaki et al., 2001; Fu et al., 2006;

Ganushchak & Schiller, 2006; Ganushchak & Schiller, 2008; Yetkin et al., 1995).

Moreover, preliminary evidence supports the vicious cycle hypothesis that stuttering is

caused by a pathologically overactive monitor (Vasic & Wijnen, 2005; Lickley et al.,

2005; Brown et al., 2005; Giraud et al., 2008; Wu et al., 1997; De Nil et al., 2000).

Nonetheless, both points remain controversial due to failures to replicate (Postma and

Kolk, 1992a; Guenther, 2006; Indefrey & Levelt, 2004) and theoretical disagreements

(Pinker, 1997). The present study was designed to test these ideas by measuring the

amplitude of the ERN in stutterers and matched controls during two different tasks: one

linguistic and one nonlinguistic. The Pe and alpha suppression of stutterers and controls

were also quantified and analyzed, but because there is limited evidence to date about the

functional significance of the Pe and alpha suppression, our predictions mainly concerned

the ERN.

We hypothesized that in the linguistic task, in which participants had to determine

whether two words rhymed, stuttering participants would show a stronger neural response

to errors (measured by the difference in ERN amplitude between correct and error trials)

than the controls and that the magnitude of the ERN in stuttering participants would

correlate positively with stuttering severity, based on the evidence that the system that

generates the ERN also monitors language and that this monitoring system is overactive

in stutterers. Moreover, the ERN is task- and modality-independent (Holroyd et al., 1998;

Van’t Ent & Apkarian, 1999; Gehring et al., 2000; Hajcak et al., 2003), so we predicted
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that stutterers would also be more sensitive to their errors than nonstutterers in the

nonlinguistic task, the Eriksen flanker task (Eriksen & Eriksen, 1974; Gehring et al.,

1993; Ullsperger & von Cramon, 2006). Finally, in line with the vicious cycle hypothesis

(Vasic & Wijnen, 2005) that stutterers have excessively strict criteria for correctness, we

predicted that when there was ambiguity in the linguistic task rather than one correct

answer and one incorrect answer, stutterers would show an ERN-like peak but

nonstutterers would not. If stutterers regard even minor defects in the speech plan as

errors warranting covert repairs, then they may regard ambiguously-correct answers in

the linguistic task as errors and therefore generate an ERN.

Although the study was designed primarily to test the vicious cycle hypothesis of

stuttering, we intended for the conclusions to have broader significance for our

understanding of how healthy, fluent adults monitor their own speech. We sought to test

whether the system that generates the ERN is truly the speech monitor or whether it only

monitors performance in nonlinguistic contexts. Although there is evidence that the ACC

is active during verbal self-monitoring and the ERN is generated after speech errors

(Christoffels et al., 2007; Masaki et al., 2001; Fu et al., 2006; Ganushchak & Schiller,

2006; Ganushchak & Schiller, 2008; Yetkin et al., 1995), there has been little work

investigating the functional significance of this ACC activation and ERN generation in

the context of verbal self-monitoring. In the present study, we examined the function of

the language ERN more closely by measuring ERN amplitude in a population thought to

have monitoring abnormalities.
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Method

Participants

In order to recruit stuttering participants, fliers were placed in the psychology

facilities, student centers, book stores, and dining centers of local universities: Villanova

University, Drexel University, Saint Joseph’s University, and the University of

Pennsylvania. Additionally, fliers were mailed to local speech pathologists. Finally, we

placed advertisements in college newspapers, free local newspapers, the websites

Craigslist and Facebook, and the online message board of the National Stutterers

Association. Nonstuttering controls were recruited through Craigslist, free local

newspapers, and online postings at Haverford College. Each stutterer was paired with 1-2

controls, matched on the basis of gender, age, education level, and handedness. Each

control participant was comparable to a particular stutterer on at least three of these

variables. Ten stutterers and 14 controls participated in exchange for payment; see Table

1 for the demographic information of the participants. The difference in age between

stutterers (M = 35.7 years) and controls (M = 25.6 years) was approaching significance

(t(22) = 1.9, p < 0.10).

Only stutterers with developmental, not acquired, stuttering were included in the

study. Both stuttering and control participants were be prescreened to exclude those

younger than 18-years-old, whose vision was abnormal even with corrective eyewear,

who did not speak English as their native language, who had a history of neurological

conditions, or who were taking prescription medications that affect the central nervous

system (see Appendix A). One stutterer reported a history of concussions but was

included because his stuttering predated the concussions. The presence of a self-reported
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speech-language pathology was an additional exclusion criterion for the control

participants.

Materials

STAI. Because anxiety has important relationships with the variables of interest in

the study (Hajcak et al., 2003; Messenger, Onslow, Packman, & Menzies, 2004; Craig,

Hancock, Tran, & Craig, 2003; Ezrati-Vinacour & Levin, 2004), we administered the

State-Trait Anxiety Inventory (STAI) (Spielberger, 1983; see Appendix B). The STAI

measures anxiety both as a temperamental, long-term personality trait (average score M =

1.81) and as a transient emotion in the present (average score M = 1.75). The minimum

possible score is 1 and the maximum is 4.

SSI. The stuttering participants, but not the controls, also completed the Stuttering

Severity Instrument-3 (SSI) (Riley, 1994), a tool designed to measure the severity of

stuttering by obtaining two speech samples: one of conversational speech and one of

reading aloud. Both speech samples were videotaped and later scored (M = 22.9) by a

research assistant, who received training from a Ph.D. speech pathologist certified by the

American Speech-Language-Hearing Association. The minimum possible score is 6 and

the maximum is 51. On the basis of the SSI scores, two stutterers were classified as

having “very mild” stuttering, while four had “mild”, three had “moderate”, and one had

“severe” stuttering.

Flanker Task. For the nonlinguistic task, we chose the Eriksen flanker task

(Eriksen & Eriksen, 1974; Gehring et al., 1993; Ullsperger & von Cramon, 2006) because

it involves no words or even letters and is often used in the ERN literature. In the flanker

task, an array of white arrows is flashed on a black background on the computer screen,
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and the participant has to indicate the direction that the middle arrow is facing with a

button press: a for left and l for right. Participants do not have to read the letters on the

keyboard to perform this task because the break screen which is presented between

blocks instructs them to position their hands properly before pressing the spacebar to

begin the next block. The flanking arrows sometimes provide congruent information

(>>>>>, <<<<<) but sometimes provide incongruent information (<<><<, >><>>).

Flanker stimuli were presented for 150 ms each. After the stimulus, a blank black

screen was shown until the button press or for a maximum of 2 s. Another blank black

screen was presented for 1280 ms post-response before the presentation of the subsequent

stimulus. Accuracy feedback was provided in the 10-trial practice block but not during

the experimental session, which consisted of 6 blocks of 60 trials each. The order in

which the four stimuli were presented was randomized, with the flanking arrows

congruent for half of the trials and incongruent for the other half.

Rhyming Task. For the linguistic task, we adapted the rhyming task used by

Weber-Fox and colleagues (2004). At the beginning of a set, participants were presented

with a target word, such as shown, along with a brief message indicating that the word

was a target word rather than a test word. Each target word had only one correct

pronunciation. In each of the five subsequent trials, a different test word flashed on the

screen for 150 ms, and participants had to judge whether the test word rhymed with the

target word by pressing l to affirm or a to deny, or vice versa. Whether a corresponded to

rhymes or nonrhymes was randomized between stutterers, and control subjects always

completed the task with the same stimulus-response mapping as the stutterer they

controlled for.
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The unambiguous test stimuli fell into four categories: rhyming and

orthographically-similar (r+o+; e.g., shown, own), rhyming and orthographically-

dissimilar (r+o-; e.g., shown, loan), not rhyming but orthographically-similar (r-o+; e.g.,

shown, down), and neither rhyming nor orthographically-similar (r-o-; e.g., shown, tree).

In two of these conditions, orthographically-similar and not rhyming and

orthographically-dissimilar and rhyming, the orthography is incongruent with the

pronunciation, so these trials are analogous to the incongruent flanker trials. Likewise,

the orthographically-similar and rhyming and orthographically-dissimilar and not

rhyming trials are analogous to the congruent flanker trials. Additionally, some of the

stimuli were heteronyms with multiple pronunciations—some of which rhymed with

target stimulus, and some of which did not. These trials were therefore ambiguous. For

instance, tear may or may not rhyme with bear, depending on whether we have in mind

the verb which is a synonym for rip or the noun for the watery secretion.

Because orthography sometimes provided congruent information but sometimes

provided incongruent information for determining whether the words rhyme, participants

were not able to rely strictly on orthography in making rhyme judgments. On the

contrary, the task requires participants to form a full phonetic representation of the words

in order to determine whether they rhyme. Thus, error-monitoring in the linguistic task is

likely to be similar to error-monitoring during language production because both involve

monitoring phonetic representations for their accuracy (Wheeldon & Levelt, 1995).

The rhyming task included five blocks with 50 trials each. Each of these blocks

included 10 sets, and each set included one target stimulus followed by five test stimuli

which the participant had to judge as rhyming or non-rhyming with the target stimulus.
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The order of the sets was randomized but the order of test stimuli within a set was fixed.

The number of test stimuli from each category varied between sets with each set having

0-2 ambiguous stimuli and any combination of the four types of unambiguous stimuli.

Participants received explicit accuracy feedback in the three-set, 15-trial practice block

but not in the experimental session. Of the 250 total experimental trials, 220 were

unambiguous and 30 ambiguous.

All words were presented in white on a black background. After the stimulus, a

blank black screen was shown until button press or for a maximum of 2 s, after which

another blank black screen was presented for 1280 ms, followed by the subsequent

stimulus.

Procedure

After filling out the prescreening question (see Appendix A) online, participants

were scheduled for a lab session. For the stuttering participants, the lab session began

with the SSI. After the SSI for the stutterers but directly following informed consent for

the controls, participants were fitted with the EEG cap and subsequently completed the

flanker task and the rhyming task, with the order of the tasks randomized for each

participant. After the tasks, participants completed the State-Trait Anxiety Inventory

(Spielberger, 1983; see Appendix B) online, after which they were paid and debriefed.

Excluded Data

Three stutterers and two controls had less than 60% accuracy for the incongruent

flanker trials, possibly indicating a poor understanding of the instructions. All behavioral

performance data of these participants for the flanker task were excluded because neither

reaction time nor accuracy was likely to be meaningful if the participants did not
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complete the task as instructed. Moreover, because error-related neural markers may be

altered or even absent if participants have a poor understanding of the task’s instructions,

their EEG data for the incongruent trials of the flanker task were excluded. For these

participants, the flanker EEG data were taken from the congruent trials only, in which the

instructions were much clearer. However, one control participant had less than 60%

accuracy for both incongruent and congruent flanker trials, so the EEG data of this

participant were excluded from all analyses of the flanker task. Additionally, for five

participants (1 stutterer, 4 controls) in the flanker task and four participants (all controls)

in the rhyming task, there were fewer than 8 error trials with useable EEG data. Because

signal averaging is ineffective if the number of trials is low, these EEG data were

excluded from the analyses. In sum, useable behavioral data were obtained for all 10

stutterers and 14 controls in the rhyming task but for only 7 stutterers and 11 controls in

the flanker task; EEG data were obtained for 9 stutterers and 9 controls in the flanker task

and 10 stutterers and 10 controls in the rhyming task.

One stutterer and one control subject filled out the postlab questionnaire from

home 1-2 days after the lab session instead of directly after the EEG recording. The state

subscale of the STAI was excluded for these participants because participants may report

different levels of state anxiety in a novel laboratory versus at home.

EEG Data Acquisition and Recording

An elastic cap (Quik-Caps) fitted with sintered Ag/AgCl electrodes was used to

make all recordings. The cap was positioned by shifting the ventral-dorsal position of

ground to 10 cm above the nasion and adjusting the midline sites to occupy the midpoint

between the ears. Continuous recordings were obtained from the ground site, fronto-
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central midline sites (Fz, FCz, and Cz), lateral frontal sites (F3, F4), and parietal sites (Pz,

P3, P4). Data were referenced online to the left mastoid and digitally re-referenced

offline to the average of the two mastoids. Electrodes were also placed above and below

the left eye and at the outer canthus of each eye, and these sites were used to compute

vertical EOG and bipolar horizontal channels offline. The signal from the electrodes was

amplified using a NuAmps amplifier controlled by Neuroscan software. Data were

collected with a sampling rate of 1000 Hz and a bandpass of 0.1-40 Hz (-3 dB).

Artifacts were rejected off-line in three steps. First, we manually purged the data

of artifacts caused by muscle tension and eye movement. Next, we digitally corrected for

blink-related artifacts using the method of Semlitsch et al. (1986). Finally, epochs which

included deviations of more than 150 µv from baseline, defined as the interval from 200

ms to 100 ms pre-response, were excluded as artifacts.

Epochs were defined as the interval between 200 ms pre-response and 600 ms

post-response. For the EEG data collected during the flanker task, response-locked

average waveforms were computed separately for correct and incorrect responses for

each participant at each site. Response-locked average waveforms were computed

separately for correct, incorrect, and ambiguous trials in the rhyming task for each

participant at each site.

Grand-average response-locked waveforms for each accuracy level at site FCz are

presented in Figure 1 for the rhyming task and Figure 2 for the flanker task. An average

of 30 flanker error trials and 25 rhyming error trials per participant contributed to the

grand averages. For both the flanker task and the rhyming task, the ERN peak was

defined as the most negative amplitude between 50 ms pre-response and 100 ms post-
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response and the Pe peak was defined as the most positive amplitude between 200 ms and

400 ms post-response.

Power Spectrum Quantification

In order to extract alpha power for different time intervals post-response, EEG

time series were divided into non-overlapping 256 ms-long time windows starting at 0

ms, 256 ms, 512 ms, 768 ms, and 1024 ms post-response. Using a fast Fourier transform

(FFT) with a cosine windowing method, we obtained a power spectrum for each time

window. The time resolution was 256 ms and the frequency resolution was 4 Hz.

Statistical analyses on power spectrum data were performed using the log-transformed

power values of the 10-14 Hz frequency band, known as high alpha.

Results

Performance Data

Independent-samples t-tests revealed no significant differences between stutterers

and controls for accuracy in the rhyming task (stutterers M = 83.0%, controls M = 90.3%,

ns), reaction time (RT) in the rhyming task (stutterers M = 616 ms, controls M = 557 ms,

ns), accuracy in the flanker task (stutterers M = 88.9%, controls M = 94.0%, ns), or RT in

the flanker task (stutterers M = 454 ms, controls M = 3 82 ms, ns). Moreover, the

correlations between SSI score and accuracy in the rhyming task, RT in the rhyming task,

accuracy in the flanker task, and RT in the flanker task were all nonsignificant.

Rhyming accuracy was submitted to a 4 (category: r+o+, r+o-, r-o+, r-o-) x 2

(stuttering: stutterer or control) mixed-factorial ANOVA. (Ambiguous trials were not

included in the analysis of accuracy because there was no one correct response.) The

main effect of category was significant (F(3,66) = 23.5, p < 0.001). Posthoc testing with
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the least significance difference (LSD) test revealed that accuracy for r-o+ trials was

lower than accuracy for all other trials types, and accuracy for r+o- trials was lower than

accuracy for r+o+ trials (p ’s < 0.01, r+o+ M = 92.1 %, r+o- M = 87.5%, r-o+ M = 68.6%,

r-o- M = 92.5%). When SSI was entered as a covariate, the SSI x category interaction

was not significant. Similarly, when rhyming RT was submitted to a 5 (category:

ambiguous, r+o+, r+o-, r-o+, r-o-) x 2 (stuttering: stutterer or control) mixed-factorial

ANOVA, there was a significant main effect of category (F(4,88) = 34.4, p < 0.001). An

LSD test revealed that RT was lower for r+o+ trials than all other trial types, and RT was

higher for ambiguous trials and r-o+ trials than r+o+, r+o-, and r-o- trials (p ’s < 0.01,

ambiguous M = 692 ms, r+o+ M = 521 ms, r+o- M = 567 ms, r-o+ M = 673 ms, r-o- M =

556 ms). When SSI was entered as a covariate, the SSI x category interaction was not

significant.

We submitted flanker accuracy to a 2 (congruence: congruent or incongruent) x 2

(stuttering: stutterer or control) mixed-factorial ANOVA. Accuracy was higher on the

congruent trials (M = 98.5%) than the incongruent trials (M = 84.5%; F(1,17) = 24.6, p <

0.001). When SSI was entered as a covariate, the SSI x congruence interaction was not

significant. When flanker RT was submitted to a 2 (congruence: congruent or

incongruent) x 2 (stuttering: stutterer or control) mixed-factorial ANOVA, only the main

effect of congruence was significant (F(1,17) = 75.6, p < 0.001, congruent M = 323 ms,

incongruent M = 514 ms). When SSI was entered as a covariate, the SSI x congruence

interaction was not significant.
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In sum, participants responded more quickly and more accurately to congruent

stimuli than incongruent stimuli for both tasks. These effects were apparent for both

stutterers and controls, who did not differ in their performance on either task.

Self-Report Data

Stutterers (M = 1.99) reported higher levels of state anxiety than controls (M =

1.59; t(20) = 2.2, p < 0.05), as well as higher levels of trait anxiety ( t(22) = 2.2, p < 0.05,

stutterers M = 2.05, controls M = 1.65). Neither state anxiety nor trait anxiety correlated

significantly with SSI score.

No main effects or interactions involving state or trait anxiety reached

significance when the anxiety variables were entered individually as continuous

predictors of the ERP and power spectrum variables.

ERP Data

Grand average waveforms for stutterers and nonstutterers are provided separately

for the rhyming task and flanker task at site FCz in Figure 3. Grand average waveforms

for correct, incorrect, and ambiguous rhyming trials at site FCz are provided separately

for stutterers and nonstutterers in Figure 4, and grand average waveforms for correct and

incorrect flanker trials at site FCz are provided separately for stutterers and nonstutterers

in Figure 5.

The Greenhouse-Geisser correction was applied to all p values for statistical tests

on the ERP data in order to correct for violations of sphericity.

ERN. To investigate the relationship between stuttering and ERN amplitude for

the rhyming task, we submitted peak ERN amplitude to a 3 (accuracy: correct, error,

ambiguous) x 4 (site: Fz, FCz, Cz, Pz) x 2 (stuttering: stutterer, control) mixed-factorial
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ANOVA. The main effect of accuracy was significant (F(2,36) = 13.4, p < 0.001), and

posthoc testing with the LSD test revealed that error trials (M = -5.74 µV) elicited a

greater (more negative) ERN peak than ambiguous trials (M = -3.39 µV), which in turn

elicited a greater ERN peak than correct trials ( M = -1.51 µV). The main effect of site

was also significant, with maximal negativity observed at Fz (F(3,54) = 12.5, p < 0.001,

Fz M = -4.75 µV, FCz M = -3.94, Cz M = -2.79, Pz M = -2.70).

Peak ERN amplitude was more negative for the stutterers (M = -5.01 µV) than the

controls (M = -2.08 µV; F(1,18) = 11.5, p < 0.01, ηp
2 = 0.39), but stuttering did not

interact with accuracy. These results contradicted our hypothesis that stutterers would

have an exaggerated ERN response to errors relative to correct trials. Instead, stutterers

had a larger (more negative) ERN than controls regardless of the accuracy of their

responses.

When SSI scores were entered as a continuous predictor, the SSI x site interaction

was significant (F(3,24) = 4.9, p < 0.05), and posthoc testing of simple main effects

revealed that the main effect of SSI was significant at the Pz site only (F(1,8) = 9.9, p <

0.05). When ERN amplitudes at the Pz site were averaged across accuracy levels, a

positive correlation emerged between ERN amplitudes and SSI scores ( r(8) = 0.74, p <

0.05; see Figure 6). Because the ERN is a negative-going deflection, this positive

correlation indicates that the ERN was dampened in severe stutterers and heightened in

mild stutterers, directly contradicting our hypothesis.

Peak ERN amplitude in the flanker task was submitted to a 2 (accuracy: correct,

error) x 4 (site: Fz, FCz, Cz, Pz) x 2 (stuttering: stutterer, control) mixed-factorial

ANOVA. The main effect of accuracy was significant, indicating that ERN amplitude
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was more pronounced (more negative) in response to error trials (M = -4.85 µV) than

correct trials (M = -0.40 µV; F(1,16) = 18. 1, p < 0.01). The main effect of site was

significant, with maximal negative observed at the Fz site (F(3,48) = 24.6, p < 0.001, Fz

M = -3.99 µV, FCz M = -3.43 µV, Cz M = -1.97 µV, Pz M = -1.10 µV), and the accuracy

x site interaction was also significant (F(3,48) = 7.2, p < 0.001). Posthoc testing of simple

main effects uncovered a significant effect of accuracy at each site ( t’s > 3, p ’s < 0.01).

Moreover, the main effect of accuracy was significant for both error trials (F(3,48) =

12.0, p < 0.01) and correct trials (F(3,48) = 19.8, p < 0.00 1), see Table 2. Posthoc testing

with the LSD test showed that for error trials, all sites had a more negative peak

amplitude than Pz, and FCz had a more negative peak amplitude than Cz. For correct

trials, Fz had a more negative peak amplitude than all other sites, and FCz had a more

negative peak amplitude than Cz.

As in the rhyming task, stutterers had a larger ERN peak (M = -3.81 µV) than

controls (M = -1.44 µV), albeit at the marginal level of significance (F(1,16) = 4. 1, p <

0. 10, ηp
2 = 0.20), and stuttering did not interact with accuracy. When SSI scores were

entered as a continuous predictor, no main effects or interactions involving stuttering

severity were significant.

Pe. Peak Pe amplitude in the rhyming task was submitted to a 3 (accuracy:

correct, error, ambiguous) x 4 (site: Fz, FCz, Cz, Pz) x 2 (stuttering: stutterer, control)

mixed-factorial ANOVA. The main effect of accuracy was significant (F(2,36) = 7.4, p <

0.01), and posthoc testing with the LSD test revealed that both error trials (M = 3.91 µV)

and ambiguous trials (M = 1.80 µV) elicited a greater Pe than correct trials ( M = -0.08

µV; p ’s < 0.05), but the difference in Pe amplitude between error trials and ambiguous
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trials did not reach significance. The main effect of site was significant, with maximal

positivity observed at FCz (F(3,54) = 7.6, p < 0.01, Fz M = 2.53 µV, FCz M = 2.56 µV,

Cz M = 2.26 µV, Pz M = 0.16 µV). The accuracy x site interaction was also significant

(F(6,108) = 5.2, p < 0.01), and posthoc testing of simple main effects found a significant

main effect of accuracy at every site except Fz ( F’s > 5, p ’s < 0.01), see Table 3. LSD

testing showed that at FCz and Pz, Pe peak amplitude was greater for both error trials and

ambiguous trials than correct trials, whereas at Cz, Pe peak amplitude was greater for

error trials than either ambiguous trials or correct trials (p ’s < 0.05).

No main effects or interactions involving stuttering as a grouping variable were

significant, but when SSI score was entered as a continuous predictor, a main effect of

stuttering severity emerged (F(1,8) = 6.6, p < 0.05). Posthoc testing showed that when Pe

amplitudes were averaged across all sites and accuracy levels, there was a significant

positive correlation between Pe amplitudes and SSI scores ( r(8) = 0.67, p < 0.05; see

Figure 7). Thus, whereas severe stutterers displayed a depressed ERN (albeit only at the

Pz site), Pe amplitudes were greater among the more severe stutterers.

Peak Pe amplitude in the flanker task was submitted to a 2 (accuracy: correct,

error) x 4 (site: Fz, FCz, Cz, Pz) x 2 (stuttering: stutterer, control) mixed-factorial

ANOVA. Error trials (M = 6.35 µV) elicited a greater Pe peak than correct trials (M = -

0.46 µV; F(1,16) = 44.3, p < 0.001). The main effect of site was also significant, with

maximal positivity at the Cz site (F(3,48) = 5.9, p < 0.05, Fz M = 2.11 µV, FCz M = 3.57

µ V, Cz M = 3.84 µ V, Pz M = 2.25 µ V). The accuracy x site interaction was significant

(F(3,48) = 7.9, p < 0.001). Posthoc testing of simple main effects revealed a main effect

of site for both error trials and correct trials ( F’s > 5, p ’s < 0.05), and LSD testing
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revealed that for error trials, Fz had a lower Pe peak than any other site and Cz had a

greater peak amplitude than Pz, whereas for correct trials, all sites had a greater peak

amplitude than Pz (p ’s < 0.05), see Table 4.

No main effects or interactions involving stuttering as a grouping variable were

significant, and when SSI scores were entered as a continuous predictor, no main effects

or interactions involving stuttering severity were significant.

Power Spectrum Data

The power spectrum data were analyzed in order to determine whether stuttering

is associated with abnormal alpha suppression, the reduction in alpha power following

error trials in comparison to correct trials. The Greenhouse-Geisser correction was

applied to all p values for statistical tests on the power spectrum data.

Log alpha power in the rhyming task was submitted to a 3 (accuracy: correct,

error, ambiguous) x 5 (time window: epochs beginning at 0, 256, 512, 768, and 1024 ms

postresponse) x 8 (site: F3, Fz, F4, FCz, Cz, P3, Pz, P4) x 2 (stuttering: stutterer, control)

mixed-factorial ANOVA. The time x accuracy interaction was significant (F(8,144) =

4.6, p < 0.01), and posthoc testing of simple main effects revealed that there was a main

effect of accuracy even at the first time interval, 0-256 ms postresponse (F(2,36) = 12.5,

p < 0.001), see Figure 8. Posthoc testing with the LSD test revealed that alpha power was

greater following correct trials (M = 1.24 µV2) than either error trials (M = 1.19 µV2) or

ambiguous trials (M = 1.15 µV2 ; p ’s < 0.05). Although we predicted that alpha would be

suppressed following error trials relative to correct trials, Carp and Compton (2009) did

not detect alpha suppression as early as 0-255 ms postresponse. This difference could be
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due either to early error-related changes in alpha power or to preexisting differences in

alpha power evident before the response.

In order to examine potential differences in alpha prior to the button press for the

three levels of accuracy, we performed an FFT on the time window extending 255 ms

prior to the button press and log-transformed the power values of the 10-14 Hz frequency

band. Although differences in preresponse alpha for correct, incorrect, and ambiguous

trials did not reach significance, when postresponse alpha values were corrected for

baseline by subtracting preresponse alpha power, the effect of accuracy on alpha in the 0-

255 ms time interval was no longer significant. Thus, the effect of accuracy on alpha

power in the 0-255 ms time interval appears to have been driven by preresponse

differences in alpha power. All subsequent analyses of alpha power in the rhyming task

were therefore conducted using the baseline-corrected alpha values.

Log alpha power in the rhyming task, corrected for preresponse baseline, was

submitted to a 3 (accuracy: correct, error, ambiguous) x 5 (time window: epochs

beginning at 0, 256, 512, 768, and 1024 ms postresponse) x 8 (site: F3, Fz, F4, FCz, Cz,

P3, Pz, P4) x 2 (stuttering: stutterer, control) mixed-factorial ANOVA. The main effect of

accuracy was significant (F(2,36) = 5.2, p < 0.05), and posthoc testing with the LSD test

revealed that alpha was lower following errors (M = 0.15 µV2) than correct responses (M

= 0.26 µV2 ; p < 0.01), but alpha following ambiguous trials (M = 0.20 µV2) did not differ

significantly from alpha following correct or error trials. Figure 9 shows the change in

alpha power over time following correct, incorrect, and ambiguous trials (time: F(4,72) =

20.8, p < 0.001; time x accuracy: F(8,144) = 4.6, p < 0.01). Posthoc testing of simple

main effects revealed a main effect of accuracy only in the time intervals starting at 256
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ms (F(2,36) = 13.4, p < 0.001) and at 512 ms (F(2,36) = 5.3, p < 0.05). LSD testing

revealed that at 256 ms, alpha was lower for error trials (M = 0.08 µV2) than ambiguous

trials (M = 0.23 µV2) or correct trials (M = 0.31 µV2), and alpha was lower for ambiguous

trials than correct trials (p ’s < 0.05). At 512 ms, however, only the differences between

correct (M = 0.32 µV2) and error (M = 0.21 µV2) and between correct and ambiguous (M

= 0.24 µV2) remained significant (p ’s < 0.05). Carp and Compton (2009) previously

showed that alpha is suppressed following error trials in comparison to correct trials

using a six-color Stroop interference task. Our results replicate this finding in the context

of a different laboratory task and extend it by showing that ambiguous stimuli are also

capable of eliciting alpha suppression.

The time x accuracy x site x stuttering interaction was significant (F(56,1008) =

2.3, p < 0.05). Posthoc testing of simple main effects revealed that the accuracy x site x

stuttering interaction was significant only during the 512 ms window (F(14,252) = 4.2, p

< 0.01), and for the 512 ms window, the accuracy x stuttering interaction was significant

only at the P3 site (F(2,36) = 3.6, p < 0.05). For controls, the main effect of accuracy was

significant (F(2,18) = 6.3, p < 0.05) during the 512 ms window at the P3 site, and posthoc

testing with the LSD test revealed that alpha was lower following both error trials (M =

0.14 µV2) and ambiguous trials (M = 0.24 µV2) compared to correct trials (M = 0.36

µV2). However, the main effect of accuracy was not significant for stutterers at this time

window and site. Thus, alpha suppression was observed somewhat less reliably in

stutterers than controls.

Moreover, when SSI scores were entered as a continuous predictor, the accuracy x

SSI interaction was approaching significance (F(2,16) = 3.1, p < 0.10). The correlation



Preverbal Error-Monitoring 50

between stuttering severity and alpha, averaged across all time intervals and sites, was

not significant for any accuracy level. To unpack the accuracy x SSI interaction, alpha

suppression scores were computed as post-correct alpha power minus post-error alpha

power, and as post-correct alpha power minus post-ambiguous alpha power. The

correlation between stuttering severity and this alpha suppression score for ambiguous

trials was not significant, but there was a strong negative correlation between stuttering

severity and alpha suppression for error trials (r(8) = -0.83, p < 0.01; see Figure 10).

Thus, the mild stutterers suppressed alpha following error trials in comparison to correct

trials to a greater extent than the severe stutterers.

Log alpha power in the flanker task was submitted to a 2 (accuracy: correct, error)

x 5 (time window: epochs beginning at 0, 256, 512, 768, and 1024 ms postresponse) x 8

(site: F3, Fz, F4, FCz, Cz, P3, Pz, P4) x 2 (stuttering: stutterer, control) mixed-factorial

ANOVA. The overall main effect of site was significant, with alpha most evident at the

Pz site (see Table 5). As expected from Carp and Compton (2009), alpha power was

lower following error trials (M = 1.27 µV2) than correct trials (M = 1.34 µV2 ; F(1,16) =

10.2, p < 0.01). Figure 11 shows the change in alpha power over time following correct

versus incorrect trials (time: F(4,64) = 11.4, p < 0.001; time x accuracy: F(4,64) = 3.5, p

< 0.05). Posthoc testing revealed that alpha power did not differ between correct and

error trials during the 0-ms time interval or the 512-ms interval, but alpha was

significantly lower for error trials than correct trials in 256-ms interval (F(1,16) = 16.5, p

< 0.01), 768-ms interval (F(1,16) = 7.2, p < 0.05), and 1024-ms interval (F(1,16) = 5.1, p

< 0.05). The time x accuracy x site interaction was also significant (F(28,448) = 3.0, p <

0.05), and posthoc testing of simple main effects showed that the accuracy x site
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interaction was significant only for the 0 ms epoch. The main effect of site was

significant for both error trials (F(7,112) = 4.3, p < 0.05) and correct trials (F(7,112) =

7.2, p < 0.01), and the LSD test was used to test which sites differed significantly (see

Table 6).

No main effects or interactions involving stuttering as a grouping variable reached

significance. However, when SSI scores were entered as a covariate, there was a

significant accuracy x SSI interaction (F(1,7) = 7. 1, p < 0.05). Just as in the rhyming task,

the correlation between stuttering severity and alpha power was not significant for any

accuracy level, but there was a large negative correlation between stuttering severity and

alpha suppression, calculated as post-correct alpha power minus post-error alpha power

(r(7) = -0.71, p < 0.05; see Figure 12). Additionally, the site x SSI interaction was

significant (F(7,49) = 8.3, p < 0.01), but posthoc testing showed that alpha, averaged

across all times and accuracy levels, was not significantly correlated with SSI scores for

any site, and the interaction was not investigated further.

Intercorrelations

To determine whether high ERN and Pe amplitudes in the rhyming task were

associated with high ERN and Pe amplitudes in the flanker task, we quantified the

magnitude of the ERN and Pe using two different methods: difference scores and

averages. ERN difference scores were calculated separately for the rhyming task and

flanker task by subtracting post-error ERN amplitudes (averaged across sites) from post-

correct ERN amplitudes (averaged across sites), and Pe difference scores were calculated

for the rhyming task and flanker task by subtracting post-correct Pe amplitudes from

post-error Pe amplitudes, also averaged across sites. Large and positive ERN and Pe
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difference scores correspond to high differentiation between correct and error trials.

Average ERN and Pe scores were calculated separately for the rhyming task and flanker

task by averaging across all sites and accuracy levels. Whereas large difference scores

reflect high differentiation between correct and error trials, large average scores indicate

high error-monitoring regardless of accuracy.

Averaged ERN for the rhyming task was positively correlated with average ERN

on the flanker task (r(14) = 0.61, p < 0.05) and average Pe on the rhyming task was

positively correlated with average Pe on the flanker task ( r(14) = 0.51, p < 0.05),

supporting our hypothesis that error-monitoring would be correlated for the two tasks.

However, ERN difference scores for the two tasks were not significantly correlated, nor

were Pe difference scores for the two tasks, so our hypothesis that participants who

differentiated greatly between correct and error trials on the rhyming task would also

differentiate greatly between correct and error trials on the flanker task was not

supported.

Finally, there was no correlation between the alpha suppression difference score,

post-correct alpha power minus post-error alpha power, for the rhyming task and the

flanker task.

Discussion

Implications for Stuttering

The purpose of the study was to determine whether stuttering is associated with

atypical error-monitoring, and a number of stuttering-related effects were observed for

the error-related neural markers. The main finding of the study was that stutterers

generate a larger ERN than nonstutterers, regardless of the accuracy of the response. This
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effect was evident for both the rhyming task, for which the ERN was believed to reflect

covert speech monitoring, and the flanker task, for which the ERN was believed to reflect

action monitoring, although the effect was more robust for the rhyming task. Thus, our

primary hypothesis—that stutterers would have a larger ERN than nonstutterers—was

supported, but in a somewhat surprising manner. We predicted that stutterers would have

a larger response to error and ambiguous trials than controls but that the two groups

would display similar ERN amplitudes in response to correct trials. Instead we found that

ERN amplitudes were elevated in stutterers relative to controls regardless of whether they

were committing an error, making the correct choice, or responding to an ambiguous

stimulus with no one correct answer. However, when stuttering severity was included in

the analyses of the rhyming task, a clear dissociation emerged between the factors

differentiating stutterers from nonstutterers and the factors differentiating severe from

mild stutterers. Whereas stutterers displayed a greater ERN peak than nonstutterers, we

found that the more severe stutterers had a depressed ERN at the parietal midline site in

comparison to the mild stutterers, contradicting our hypothesis.

Moreover, there was no evidence that the stutterers displayed a greater Pe peak or

post-error alpha suppression than nonstutterers. On the contrary, alpha suppression was

more evident in the nonstutterers than stutterers, albeit only at the left parietal site during

the 512-767 ms time window of the rhyming task. While the more severe stutterers had a

larger Pe peak for the rhyming task than the mild stutterers, alpha suppression—

quantified as alpha power following correct trials minus alpha power following errors—

was greater in the mild stutterers than the severe stutterers for both the rhyming task and

flanker task. In sum, our results suggest that stutterers have atypical error-monitoring, as
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hypothesized. However, only some of the effects were in the direction predicted by the

vicious cycle hypothesis, which holds that stuttering is the result of a pathological

overmonitoring of the internal speech plan (Vasic & Wijnen, 2005).

We found strong evidence that the ERN is exaggerated in stutterers relative to

nonstutterers, as the vicious cycle hypothesis would predict. Although the ERN is

believed to reflect the activity of an adaptive error-monitoring system (Holroyd & Coles,

2002), stuttering is not the first clinical disorder to be associated with an increased ERN

peak. Gehring et al. (2000) found that patients suffering from obsessive-compulsive

disorder (OCD) have a greater ERN than controls in response to errors, suggesting that

the system that generates the ERN may be maladaptively overactive in these patients. We

expected to find a similar effect in stutterers, but contrary to our predictions, we found

that stutterers have a greater ERN peak than controls for error trials, correct trials, and

ambiguous trials alike. Whereas OCD patients appear to differentiate their correct actions

from their errors to a greater extent than controls, stutterers, in contrast, appear to respond

to both correct and incorrect actions with heightened error-detection.

The central tenet of the vicious cycle hypothesis is that stutterers have a

hypervigilant error-monitor which flags unimportant, perhaps even imperceptible errors

as speech errors requiring correction, and the resulting repair activity results in disfluency

(Vasic & Wijnen, 2005). Our finding that the ERN is more pronounced in stutterers than

fluent controls contributes to a small but growing literature suggesting that stutterers have

a hyperactive error-monitor. Lickley et al. (2005) found that stutterers, relative to

controls, perceive speech samples as highly disfluent regardless of whether they are

produced by stutterers or nonstutterers (but see Postma & Kolk, 1992a for a failure to
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replicate), and Vasic and Wijnen (2005) reported that distractor tasks can reduce

stuttering severity, presumably by siphoning attentional resources away from the error-

monitor. Moreover, stutterers display greater activity than controls in the ACC, which is

believed to generate the ERN (Holroyd & Coles, 2002), during both speech production

and silent reading (Brown et al., 2002; De Nil et al., 2000). However, the ACC has been

implicated in much broader cognitive function than error-monitoring, and may be

involved in all effortful thought (Davis, Hutchison, Lozano, Tasker, & Dostrovsky,

2000). Thus, heightened ACC activity, while consistent with the vicious cycle

hypothesis, is not convincing evidence in itself, and the present study represents the most

direct neuroscientific support to date that error-monitoring is exaggerated in stutterers.

While the ERN group differences provide strong support for the vicious cycle

hypothesis, they also motivate a possible revision of it. We predicted that stutterers would

display a greater ERN peak than controls in response to the error trials and ambiguous

trials, but why would stutterers display a greater ERN than controls in response to correct

trials as well? Past research has shown that a small but nontrivial ERN can be generated

in response to correct trials (Vidal, Hasbroucq, Grapperon, & Bonnet, 2000). As Coles,

Scheffers, and Holroyd (2001) have argued, the ERN responds to a perceived mismatch

between the correct response and the actual response, and such a mismatch can occur

even for correct trials (albeit to a lesser degree than for error trials) if participants

misperceive a correct response as incorrect, or if the response was slower than one’s

internal standard for an appropriate response speed. By this theory of the correct-trial

ERN, the fact that stutterers have a larger ERN peak than nonstutterers following correct

trials may indicate that stutterers flag correct responses as errors more frequently than
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nonstutterers. While this is not a major revision to the vicious cycle hypothesis, which

already asserts that imperceptible speech errors may be perceived as errors by the speech

monitor of a stutterer, our results provide evidence that stutterers perceive even

objectively-correct responses as errors more often or to a greater degree than

nonstutterers. By this formulation of the vicious cycle hypothesis, stutterers are more

disfluent than nonstutterers because stutterers are more likely to perceive their speech

plan—whether correct or incorrect—as flawed, and the resulting repairs and revisions

result in disfluency.

Some of our secondary findings motivate more substantial revisions to the vicious

cycle hypothesis. Most importantly, even though the ERN was heightened in stutterers

relative to fluent controls, we did not find a heightened ERN in severe stutterers relative

to mild stutterers. On the contrary, the severe stutterers had a lower ERN peak than the

mild stutterers in the rhyming task. However, this relationship between stuttering severity

and ERN amplitude was observed only at the parietal midline site, which immediately

cast doubt on its veracity. As Coles et al. (2001) have argued, stimulus-locked potentials

can sometimes occur over the same time interval as the ERN, contributing to a negative

deflection of the EEG wave. If the more severe stutterers truly had a weaker ERN than

the mild stutterers, we would expect to observe this effect most strongly at frontal or

fronto-central midline sites, where we observed the most negative ERN peak. Thus, the

relationship between stuttering severity and post-response negativity may have been

driven by an independent stimulus-locked peak generated in the parietal lobe rather than

the ERN.
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But if severe stutterers truly have a weaker ERN than nonstutterers, this result

limits the scope of the vicious cycle hypothesis. If heightened error-monitoring is

characteristic of stutterers in general but not the severe stutterers, then a hypervigilant

error-monitor cannot be the lone cause of stuttering. Instead, a multifactorial model

appears more plausible: heightened error-monitoring is a contributing factor which makes

stuttering more likely, but it is not the only cause. In fact, if it is primarily the mild

stutterers who display heightened error-monitoring, then the vicious cycle hypothesis

may only apply to mild cases, and other factors may play a more important in causing

severe stuttering.

In fact, a number of alternative theories of stuttering have been proposed, many

with empirical support. Anxiety may contribute to stuttering, as stutterers have high

levels of social anxiety (Messenger et al., 2004; Alm & Risberg, 2007). Indeed, we found

that stutterers reported elevated levels of both state and trait anxiety, although stuttering

severity was not related to anxiety. Other researchers, in contrast, have proposed

neurological accounts of stuttering. Stuttering has been suggested to be a motor control

disorder (Ludlow & Loucks, 2003), and an alternative theory of stuttering posits that

stutterers have incomplete speech lateralization, which causes interference and

asynchrony between the speech plans of the two hemispheres (De Nil & Kroll, 2001). A

more modern formulation of this lateralization theory suggests that language function is

right hemisphere-dominant in stutterers, and the right hemisphere is less efficient than the

left for language processing (Szelag, Garwarska-Kolek, Herman, & Stasiek, 1993).

Indeed, there is evidence that a subpopulation of stutterers exhibits weak or right-

dominant speech lateralization (De Nil & Kroll, 2001; Brady & Berson, 1974; Code,
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Lincoln, & Dredge, 2005), and Szelag et al. (1993) showed that this right-dominance is

only evident in severe stutterers, not mild stutterers. Thus, abnormal lateralization may

account for the subpopulation of stutterers that the vicious cycle hypothesis has trouble

explaining: severe stutterers. Thus, theories of stuttering abound, and hyperactive self-

monitoring may be just one of the contributing factors.

While our main hypotheses concerned the ERN, we also measured and analyzed

the Pe and alpha suppression, which showed clear dissociations from the ERN in their

relationships with stuttering and stuttering severity. Whereas the ERN was more

pronounced in stutterers than controls but weaker in severe stutterers than mild stutterers,

the Pe did not differ between stutterers and controls but was stronger in the severe

stutterers than the mild stutterers. Indeed, dissociations between the ERN and Pe are quite

common, suggesting that the two peaks reflect different aspects of error-monitoring. The

ERN is believed to reflect implicit error-detection, whereas conscious awareness of errors

is necessary for the Pe (Nieuwenhuis et al., 2001). Thus, the fact that the ERN but not Pe

is elevated in stutterers helps clarify the mechanisms of the vicious cycle hypothesis,

which Vasic and Wijnen (2005) leave vague. The absence of Pe group differences may

indicate that conscious, explicit error awareness is normal for stutterers, and only implicit

error-detection is pathologically overactive.

The correlation between Pe amplitude and stuttering severity, however, suggests

that a heightened Pe may play a role in severe stuttering, even though the absence of

group differences indicates that a heightened Pe does not in itself cause stuttering. To

understand why the ERN would be associated with the presence of stuttering but the Pe

would be associated with stuttering severity, we must take a closer look at the functional
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differences between the ERN and Pe. The ERN reflects an early stage of error-

monitoring, error detection. In contrast, the Pe occurs later and reflects conscious error

awareness, and has also been linked to post-error autonomic changes: the Pe but not the

ERN predicts an increase in skin conductance after errors (Hajcak et al., 2003). Thus,

sympathetic nervous system activity is likely to be more pronounced in the stutterers with

a greater Pe peak, which may explain why their stuttering was more severe. According to

the Yerkes-Dodson Law (Yerkes & Dodson, 1908), autonomic arousal improves

performance only up to a critical value, after which performance deteriorates. Thus, if

stutterers are already beyond the point of optimal arousal, then an increase in autonomic

arousal could cause their fluency to deteriorate further.

By this view, a heightened ERN is characteristic of stutterers because perceiving

small flaws and even correct speech utterances as errors causes stuttered disfluencies, as

the vicious cycle hypothesis suggests. However, stuttering severity is associated with a

heightened Pe rather than ERN because the Pe is associated with autonomic arousal, and

autonomic arousal may cause speech performance to decline. After stutterers perceive an

error in the preverbal speech plan, the repair need not always be equally disruptive. If the

repair takes longer because the stutterer’s hyperarousal is interfering with language

production, then the resulting disfluencies should be noticeably more severe. This

interpretation of the Pe and stuttering severity correlation remains highly speculative

because autonomic nervous system activity was not directly measured in the present

study, but it is not without empirical support. Although stutterers do not have greater

sympathetic activation than nonstutterers, severe stutterers appear to have greater

sympathetic activation than mild stutterers (Peters & Hulstijn, 1984; Weber & Smith,
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1990). Thus, neither sympathetic activation nor Pe amplitude is associated with the

presence of stuttering, but both are associated with stuttering severity. This symmetry

between the autonomic activation literature and our Pe findings lends support to our

interpretation of the correlation between Pe and stuttering severity, namely that a

heightened Pe results in heightened sympathetic nervous system activity (Hajcak et al.,

2003), which in turn may cause stuttering instances to be more severe.

However, because the relationship between Pe peak amplitude and stuttering

severity was apparent only for the rhyming task, there is another plausible explanation for

the observed relationship between Pe peak amplitude and stuttering severity. Language

errors are likely to be more salient for severe stutterers, for whom stuttering can be a

debilitating condition coloring all social interactions, than very mild stutterers, for whom

stuttering is little more than an occasional nuisance. Thus, a heightened Pe may be the

result of severe stuttering rather than severe stuttering being the result of a heightened Pe.

In other words, severe stutterers may become highly aware of their language errors at a

conscious level after years of stuttering. However, because the ERN was heightened for

stutterers in both the linguistic and the nonlinguistic task, we believe that their

hypervigilant error-detection represents a context-independent personality trait rather

than a language-specific effect caused by stuttering.

Alpha suppression showed a very different pattern of stuttering-related effects

than the ERN or Pe. Alpha suppression did not differ between stutterers and controls for

the flanker task, and alpha suppression was actually somewhat weaker for the stutterers

than the controls for the rhyming task, although this difference was only observed for one

site (left parietal) and time window (512-767 ms). Additionally, strong negative
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correlations were found between alpha suppression and stuttering severity for both the

rhyming and the flanker task, indicating that the severe stutterers suppressed alpha less

than the mild stutterers.

However, because alpha suppression was quantified as post-correct alpha power

minus post-error or post-ambiguous alpha power, group differences in overall error-

reactivity could be lost. Although both the ERN and Pe occur primarily in response to

errors, the interactions between stuttering and these peaks were independent of accuracy.

Regardless of whether they actually erred, the stutterers generated a larger ERN than the

nonstutterers and the severe stutterers generated a larger Pe than the mild stutterers. The

fact that accuracy was not involved in these stuttering-related effects makes it difficult to

interpret the alpha power data, which can only be analyzed as a difference score between

correct and error or correct and ambiguous. Unlike the ERN and Pe, which are specific

peaks in the EEG wave which correspond to error-monitoring brain activity, alpha power

reflects mental disengagement and inversely reflects alertness, not error-monitoring per

se (Davidson et al., 2000). It is alpha suppression—the drop in alpha following error and

ambiguous trials relative to correct trials—which is related to error-monitoring, not alpha

in itself. Thus, alpha power data cannot give us any insight about error-monitoring

tendencies following correct trials because correct trials are used as a baseline to which

error trials and ambiguous trials are compared. The pattern that emerged from the ERN

and Pe data suggests that stutterers have aberrant error-monitoring regardless of response

accuracy, but we cannot test this possibility using the alpha suppression data. Thus, the

absence of heightened alpha suppression in stutterers confirms the finding that stutterers

do not differentiate errors from correct trials to a greater degree than nonstutterers, but
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the alpha suppression data do not bear on the hypothesis that stutterers have heightened

error-related brain activity regardless of whether they have actually committed an error.

The negative correlations between stuttering severity and alpha suppression, then,

do not necessarily indicate that stutterers have a weaker response to errors than controls;

they only show that the severe stutterers differentiated correct trials from error trials to a

lesser degree than the mild stutterers. One explanation of the results is that the severe

stutterers responded less strongly to the error trials than the mild stutterers did, but the

effect could instead be due to the severe stutterers suppressing alpha even in response to

correct trials, thus shrinking the difference between correct and error trials.

In sum, the main finding of the study is that stutterers, in comparison to

nonstutterers, have a stronger ERN, which we believe reflects hyperactive error-detection

processes even in the absence of errors. These data help clarify the mechanisms of

stutterers’ maladaptive error-monitoring, suggesting that we should revise the vicious

cycle hypothesis. By the new formulation, stuttering is the result of heightened error-

detection processes which regard adequate or mildly-flawed speech plans as necessitating

repairs, and these repairs result in disfluency. Moreover, severe stutterers appear to have

heightened conscious error awareness, as indexed by the Pe. This correlation may be due

to maladaptive autonomic changes, related to Pe amplitude, interfering with fluent

speech, but we cannot rule out the alternative explanation that severe stuttering causes

individuals to become hyperaware of their language errors. Although these results

strongly support the vicious cycle hypothesis, we found that ERN amplitudes may be

depressed in severe stutterers in comparison to mild stutterers, suggesting that the

alternative theories may provide a superior explanation for the severe cases of stuttering.
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Implications for Speech Monitoring

Looking beyond stuttering, what do these results imply about how the

mechanisms and neural correlates of speech monitoring? Ganushchak and Schiller (2006,

2008) reported that the ERN is elicited by errors in a phoneme-monitoring task, and the

present study extends this finding by showing that the Pe and alpha suppression, in

addition to the ERN, are elicited by errors in language tasks. Given that many words in

the rhyming task were orthographically-similar but did not rhyme, the task was

impossible to complete on the basis of visual similarity alone. On the contrary, the

rhyming judgments required a full phonetic representation of the two words being

compared, so we believe that the presence of an ERN, Pe, and alpha suppression in

response to rhyming errors suggests that these neural markers reflect phonetic

monitoring. Moreover, preverbal speech monitoring is believed to primarily target the

phonetic level of the speech plan (Wheeldon & Levelt, 1995; Levelt et al., 1999),

suggesting that self-monitoring in the rhyming task and preverbal speech monitoring are

similar cognitive functions and therefore may rely on the same neural substrates.

An alternative explanation, however, is that errors in the rhyming task were

simply action slips in the button press rather than mistakes in the phonetic speech plan of

the words being compared, and the ERN, Pe, and alpha suppression were therefore

elicited by action slips rather than phonetic errors. However, accuracy rates were very

high for the rhyming, orthographically similar word pairs and the non-rhyming,

orthographically-dissimilar pairs, with the vast majority of the errors occurring on the

incongruent trials (rhyming, orthographically-dissimilar and especially nonrhyming,

orthographically-similar). Thus, while we cannot definitively rule out the possibility that
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action-monitoring contributed to the ERN, Pe, and alpha suppression in the rhyming task,

the fact that most errors occurred following incongruent trials suggests that phonetic

mistakes probably accounted for a large portion of the errors. Thus, it is unlikely that the

ERN, Pe, and alpha suppression entirely reflected action slips rather than phonetic

monitoring.

Moreover, ERN amplitude in the rhyming task was correlated with ERN

amplitude in the flanker task and Pe amplitude in the rhyming task was correlated with Pe

amplitude in the flanker task, suggesting that the ERN and Pe are likely to reflect similar

processing in the two tasks. Given that the rhyming task required participants to generate

internal phonetic representations of the words presented, these results suggest that self-

monitoring of internal phonetic plans involves the same error-processing system as

action-monitoring. Other researchers have reported an ERN-like peak in response to

language errors (Masaki et al., 2001; Ganushchak & Schiller, 2006, 2008), but the present

study represents the first evidence, to our knowledge, that a Pe peak is also elicited by

language errors and that the ERN elicited by a language task is correlated with the ERN

elicited by a standard laboratory task.

Vasic and Wijnen (2005) did not specify the neural correlates of preverbal error-

monitoring in their vicious cycle hypothesis. The fact that the ERN and Pe appear to be

related to stuttering provides support for the idea that the error-monitoring systems which

generate them are the basis of preverbal speech-monitoring. Indeed, recent clinical

research has vastly expanded the scope of the ERN’s role in self-monitoring. The ERN is

heightened in obsessive-compulsive disorder (Gehring et al., 2000), and our recent

unpublished research suggests that the ERN is weakened in depression. These results



Preverbal Error-Monitoring 65

have raised the possibility that the ERN may play a role in emotion-monitoring, and the

present study expands the scope of the ERN further to include preverbal speech-

monitoring. Contradicting the modular view of the brain, which posits that every brain

region has a specific adaptive function and each adaptive function has a specified brain

region (Pinker, 1997), the brain area which generates the ERN and Pe, the ACC, appears

to monitor a wide variety of cognitive functions. Preverbal speech may be monitored by

this highly-nonspecific region rather than a language-specific monitoring module.

Limitations

While the results of the present study have broad implications for our

understanding of stuttering and even speech monitoring in general, the results must be

interpreted with caution due to limitations of the design. The sample of stutterers

consisted primarily of mild to moderate cases, and given the complexity of the

relationships between stuttering severity and the ERN, Pe, and alpha suppression, it is

unclear how our results might be different if we included more severe stutterers in the

sample. Future research on the topic should ensure a sufficient number of stutterers to

allow the stutterers to be divided into severe and mild cases for all analyses. Additionally,

the stutterers were all male, so we cannot examine the possibility that different factors

cause females to stutter in comparison to males. Although the higher prevalence of

stuttering in males makes it difficult to recruit a sufficient number of females for a gender

comparison, it also points to the need to study gender differences in stuttering to elucidate

why females are less likely to stutter and more likely to recover from stuttering (Ambrose

et al., 1997).
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We also found evidence for group differences between stutterers and nonstutterers

in two confounding variables: age and anxiety. The stutterers were, on average, about 10

years older than the controls. However, ERN amplitudes are diminished in older adults

compared to young adults (Mathewson et al., 2005), so the age difference cannot explain

the fact that stutterers had a more pronounced ERN than the controls. More alarmingly,

the stutterers reported higher levels of both state and trait anxiety, and past research has

shown that even nonclinical levels of anxiety are associated with increased ERN

amplitude (Hajcak et al., 2003). However, we found no evidence that either state or trait

anxiety influenced the ERN, Pe, or alpha power, or interacted with any other variable to

influence the error-monitoring measures. Thus, it is unlikely that differences in age or

anxiety were responsible for the stutterers displaying a greater ERN peak.

Future Research

While the present results suggest that hyperactive speech monitoring may

contribute to stuttering and that the ERN, Pe, and alpha suppression are involved in

speech monitoring, future research is needed to disentangle some of the issues raised by

these results. Perhaps the most surprising finding was that severe stutterers have a

dampened ERN compared to mild stutterers despite the fact that stutterers have a

heightened ERN in comparison to controls. Future research should replicate this finding

before it is interpreted too heavily, given the fact that it was observed only at the parietal

site rather than the more anterior sites which detect the ERN most reliably. However, if

severe stutterers truly have a depressed ERN relative to mild stutterers, then these results

provide strong evidence for a multifactorial model of stuttering, given that the factors that

differentiate stutterers from nonstutterers are distinct from the factors that differentiate
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severe from mild stutterers. Future research should investigate the possibility that the

vicious cycle hypothesis explains only mild cases of stuttering by obtaining a stuttering

sample large enough to be split into severe and mild cases, then having the stutterers

complete a battery of laboratory tasks and tests designed to assess different theories of

stuttering, such as abnormal language lateralization, anxiety, and, of course, hyperactive

speech monitoring. We anticipate that as future research continues to elucidate the

etiology of stuttering, hyperactive speech monitoring will be considered a contributing

factor but not the sole cause of stuttering.

Additionally, the finding that severe stutterers have a more pronounced Pe peak

than mild stutterers deserves further investigation. We speculated that an increased Pe

leads to increased sympathetic nervous system activity, which may result in poor

language production and therefore more noticeable disfluencies. However, we did not

measure autonomic nervous system activity directly. Future research should replicate our

design but also measure heart rate before and after a stress manipulation, such as negative

feedback on an intelligence test. We expect that the relationship between Pe amplitude

and stuttering severity would be statistically mediated by sympathetic nervous system

reactivity.

Future research should also investigate the surprising alpha suppression findings

further. Because alpha suppression is quantified as post-correct alpha power minus post-

error alpha power, the negative correlation between alpha suppression and stuttering

severity could indicate either that mild stutterers increase their alertness following errors

to a greater degree than severe stutterers or severe stutterers increase their alertness

following correct trials to a greater degree than mild stutterers. This question should be
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investigated further using a different measure of alertness. One possibility would be to

obtain a larger sample of severe and mild stutterers and compare their behavioral data as

a function of previous-trial accuracy, relying on the assumption that alertness improves

accuracy. If mild stutterers have higher accuracy following errors than severe stutterers,

then we should favor the former interpretation of the alpha data, that the mild stutterers

increase their alertness following errors to a greater degree than severe stutterers. But if

severe stutterers have higher accuracy following correct trials than mild stutterers, then

the latter interpretation, that severe stutterers increase their alertness following correct

trials to a greater degree than mild stutterers, would be more likely.

Finally, while the present study shed light on the neural mechanisms of preverbal

monitoring, future research should investigate overt speech monitoring. Masaki et al.

(2001) detected an ERN in response to overt speech errors, but it is unclear whether the

Pe and alpha suppression can also be elicited by overt speech errors. It therefore remains

an open question whether the Pe and alpha suppression play a role in all language self-

monitoring or whether their domain is limited to preverbal self-monitoring.

Conclusion

The present study suggests that the ERN, Pe, and alpha suppression play a role in

preverbal error-monitoring, but the primary purpose of the experiment was to test the

vicious cycle hypothesis of stuttering. We found that evidence for hyperactive implicit

error detection in stutterers and heightened conscious error awareness in the more severe

stutterers. The factors that differentiated stutterers from controls, however, were not

identical to the factors which differentiated severe from mild stutterers, indicating that

stuttering may be a multifactorial disorder with no one unique cause. Nonetheless, the
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vicious cycle hypothesis appears to explain stuttering in at least a subset of cases, the

mild stutterers. When one mild stutterer was asked if there was a particular strategy he

employed to avoid stuttering, he answered: “Actually, stuttering, and just being willing

to stutter ... I feel like stuttering is everything you do when you’re trying not to stutter.”

More research is needed before we can conclude with confidence that hyperactive

monitoring causes stuttering or that dampening a stutterer’s monitoring causes relief from

stuttering, but if the vicious cycle hypothesis is correct, then training stutterers to accept

their stuttering may prove to be an efficacious treatment in the future. The results of the

present study show that error-monitoring abnormalities in stutterers are a fertile avenue

for research, but more work needs to be done before clinical treatments can arise from

this research.
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Appendix A

Prescreening Questionnaire

The purpose of this questionnaire is to determine whether you are eligible for our study
of speech and language functioning at Haverford College. Please answer the questions
below as honestly as possible. If there is any question that you are uncomfortable
answering, you may leave it blank. Your answers are completely confidential, and will
not be shared with any outside parties. If you have any questions, please contact
Professor Rebecca Compton (rcompton@haverford.edu , 610-896-1309), who is
supervising the study. If you have any questions or concerns about your rights as a
research participant, you may also contact Professor Rob Scarrow
(rscarrow@haverford.edu , 610-896-1191). Professor Scarrow is the chair of the college's
IRB, which oversees the protection of research participants.
__ Please check here to indicate that you have read these instructions and that you
voluntarily agree to have these responses included in our database.

1. What is your gender? Male/Female
2. What is your current age?
3. What is the highest education level that you have completed?

- Some high school
- High school graduate
- Some college (or currently in college)
- College degree
- Advanced degree

4. Is English your native language? Yes/No

5. Are you left-handed or right-handed? Left-handed/Right-handed/Mixed

6. Do you have any vision problems that are not corrected with glasses or contact lenses?
Y/N; If yes, you may explain your answer below if you wish

7. Do you have any hearing problems?
Y/N; If yes, you may explain your answer below if you wish

8. Do you have a history of neurological problems, such as head injury, stroke, epilepsy,
or brain tumor? Y/N

9. Are you currently taking any prescription medication that could affect mental
functioning, such as drugs for epilepsy, attention-deficit disorder, anxiety, or depression?
Y/N; If yes, you may explain your answer below if you wish

10. How did you learn about this study? Newspaper advertisement/Online
advertisement/Flier/Other; Please specify the newspaper/online source/flier location/other
source below
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11. Have you ever been diagnosed with a speech or language disorder or treated for any
difficulties in speech or language? Y/N; If yes, please explain
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Appendix B

State-Trait Anxiety Inventory

Part 1. Directions: Please read each statement and indicate how you feel right now, that
is at this moment. There are no right or wrong answers.

[Each item is rated on a four-point scale]

1. I feel calm. (R)
2. I feel secure. (R)
3. I am tense.
4. I feel strained.
5. I feel at ease. (R)
6. I feel upset.
7. I am presently worrying over possible misfortunes.
8. I feel satisfied. (R)
9. I feel frightened.
10. I feel comfortable. (R)
11. I feel self-confident. (R)
12. I feel nervous.
13. I am jittery.
14. I feel indecisive.
15. I am relaxed. (R)
16. I feel content. (R)
17. I am worried.
18. I feel confused.
19. I feel steady. (R)
20. I feel pleasant. (R)

Part 2. Directions: Please read each statement and indicate how you generally or
typically feel.

1. I feel pleasant. (R)
2. I feel nervous and restless.
3. I feel satisfied with myself. (R)
4. I wish I could be as happy as others seem to be.
5. I feel like a failure.
6. I feel rested. (R)
7. I am “calm, cool, and collected”. (R)
8. I feel that difficulties are piling up so that I cannot overcome them.
9. I worry too much over something that doesn’t really matter.
10. I am happy. (R)
11. I have disturbing thoughts.
12. I lack self-confidence.
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13. I feel secure. (R)
14. I make decisions easily. (R)
15. I feel inadequate.
16. I am content. (R)
17. Some unimportant thought runs through my mind and bothers me.
18. I take disappointments so keenly that I can’t put them out of my mind.
19. I am a steady person. (R)
20. I get in a state of tension or turmoil as I think over my recent concerns and interests.
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Table 1

Demographic Information of the Participants

Stutterers	 Controls

Gender

Male 13 10

Female 1 0

Handedness

Righthanded 11 7

Lefthanded 3 3

Education

Some college (or currently in college) 5 11

College degree 3 2

Advanced degree 2 1
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Table 2

Peak ERN Amplitude (μ V ) in Flanker Task

Site	 Correct	 Error

Fz	 -2.35	 -5.63

FCz	 -0.60	 -6.27

Cz	 1.08	 -5.03

Pz	 0.29	 -2.49
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Table 3

Peak Pe Amplitude (μ V ) in Rhyming Task

Site Correct Error Ambiguous

Fz 1.24 3.44 2.90

FCz 0.64 4.43 2.63

Cz 0.14 4.99 1.63

Pz -2.33 2.79 0.02
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Table 4

Peak Pe Amplitude (μ V ) in Flanker Task

Site	 Correct	 Error

Fz	 0.28	 3.95

FCz	 0.26	 6.89

Cz	 -0.22	 7.90

Pz	 -2.16	 6.65
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Table 5

Mean Log Alpha Power (p V2) for Flanker Task

Site	 Log Alpha Power

F3	 1.26

Fz	 1.27

F4	 1.25

FCz	 1.30

Cz	 1.32

P3	 1.31

Pz	 1.39

P4	 1.34
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Table 6

Mean Log Alpha Power (μ V2) in 0-256 ms Time Window for Flanker Task, with

Superscripts Indicating Significant Pairwise Comparisons (p ’s < 0.05)

Site	 Correct	 Error

F3	 1.13 abcde	 1.11 «0^

Fz	 1.14glmno 	1.13^O^

F4	 1.13 fhijk 	1.10 ^Fw

FCz	 1.18 ahlp 	1.19«6qv

Cz	 1.22bimq 	1.23 0FOlcvp

P3	 1.24dr 	1.15 lc^p

Pz	 1.35 cjnpqrs 	1.28^w^^1,

P4	 1.26ekor	1.19 1,
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Figure 1 . Grand-average waveforms following correct, incorrect, and ambiguous

responses in the rhyming task at site FCz. Time 0 is the time of the button-press.
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Figure 2 . Grand-average waveforms following correct and incorrect responses in the

flanker task at site FCz. Time 0 is the time of the button-press.
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Figure 3 . Grand-average waveforms of stutterers and controls, averaged across accuracy

levels, at site FCz. The waveforms in the rhyming task are shown in the top panel and the

waveforms in the flanker task are shown in the bottom panel. Time 0 is the time of the

button-press.
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Figure 4 . Grand-average waveforms for correct, incorrect, and ambiguous trials in the

rhyming task at site FCz. Stutterers’ waveforms are shown in the top panel and controls’

waveforms are shown in the bottom panel. Time 0 is the time of the button-press.
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Figure 5 . Grand-average waveforms for correct and incorrect trials in the flanker task at

site FCz. Stutterers’ waveforms are shown in the top panel and controls’ waveforms are

shown in the bottom panel. Time 0 is the time of the button-press.
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Figure 6. Relationship between stuttering severity, as measured by the SSI, and ERN

amplitudes in the rhyming task at site Pz. Highly negative amplitudes indicate high error-

monitoring.
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Figure 7. Relationship between stuttering severity, as measured by the SSI, and Pe

amplitudes in the rhyming task. Highly positive amplitudes indicate high error-

monitoring.
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Figure 8 . Log-transformed alpha power following correct, incorrect, and ambiguous

responses in the rhyming task. Time 0 is the time of the button-press.
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Figure 9 . Alpha power following correct, incorrect, and ambiguous responses in the

rhyming task, log-transformed and corrected for baseline. Time 0 is the time of the

button-press.
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Figure 10 . Relationship between stuttering severity, as measured by the SSI, and alpha

suppression in the rhyming task, quantified as post-correct alpha power minus post-error

alpha power. High positive values for alpha suppression indicate high differentiation

between correct and error trials.
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Figure 11. Log-transformed alpha power following correct and incorrect responses in the

flanker task. Time 0 is the time of the button-press.
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Figure 12 . Relationship between stuttering severity, as measured by the SSI, and alpha

suppression in the flanker task, quantified as post-correct alpha power minus post-error

alpha power. High positive values for alpha suppression indicate high differentiation

between correct and error trials.
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