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Auditory cortical activity is entrained to the temporal envelope of speech, which corresponds to the syllabic rhythm of speech. Such entrained cortical activity can be measured from subjects naturally listening to sentences or spoken passages, providing a reliable neural marker of online speech processing. A central question still remains to be answered about whether cortical entrained activity is more closely related to speech perception or non-speech-specific auditory encoding. Here, we review a few hypotheses about the functional roles of cortical entrainment to speech, e.g., encoding acoustic features, parsing syllabic boundaries, and selecting sensory information in complex listening environments. It is likely that speech entrainment is not a homogeneous response and these hypotheses apply separately for speech entrainment generated from different neural sources. The relationship between entrained activity and speech intelligibility is also discussed. A tentative conclusion is that theta-band entrainment (4–8 Hz) encodes speech features critical for intelligibility while delta-band entrainment (1–4 Hz) is related to the perceived, non-speech-specific acoustic rhythm. To further understand the functional properties of speech entrainment, a splitter’s approach will be needed to investigate (1) not just the temporal envelope but what specific acoustic features are encoded and (2) not just speech intelligibility but what specific psycholinguistic processes are encoded by entrained cortical activity. Similarly, the anatomical and spectro-temporal details of entrained activity need to be taken into account when investigating its functional properties.
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INTRODUCTION

Speech recognition is a process that maps an acoustic signal onto the underlying linguistic meaning. The acoustic properties of speech are complex and contain temporal dynamics on several time scales (Rosen, 1992; Chi et al., 2005). The time scale most critical for speech recognition is on the order of hundreds of milliseconds (1–10 Hz), and the temporal fluctuations on this time scale are usually called the temporal envelope (Figure 1A). Single neuron neurophysiology from animal models has shown that neurons in primary auditory cortex encode the analogous temporal envelope of other non-speech sounds by phase locked neural firing (Wang et al., 2003). In contrast, the finer scale acoustic properties that decide the pitch and timbre of speech at each time moment (acoustic fragments lasting a few 100 ms) are likely to be encoded using a spatial code, by either individual neurons (Bendor and Wang, 2005) or spatial patterns of cortical activity (Walker et al., 2011).
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FIGURE 1. A schematic illustration of hypotheses proposed to explain the generation of cortical entrainment to the speech envelope. (A) The spectro-temporal representation of speech, obtained from a cochlear model (Yang et al., 1992). The broad-band temporal envelope of speech, the sum of the spectro-temporal representation over frequency, is superimposed in white. (B) An illustration of the collective feature tracking hypothesis and the onset tracking hypothesis. The colored images show time courses of the dendritic activity of two example groups of neurons, hypothetically in primary and associative auditory areas. One group encodes the slow temporal modulations and coarse spectral modulations of sound intensity, i.e., the spectro-temporal envelope of speech, which contain major phonetic cues. The other group encodes the slow temporal changes of cues computed from the spectro-temporal fine structure, e.g., the pitch contour and the trajectory of the sound source location. According to the collective feature tracking hypothesis, magnetoencephalography (MEG)/electroencephalography (EEG) measurements are the direct sum of dendritic activity across all such neural populations in primary and associative auditory areas. The onset tracking hypothesis is similar, but instead neurons encoding the temporal edges of speech dominate cortical activity and thus drive MEG/EEG measurable responses. (C) An illustration of the syllabic parsing hypothesis and the sensory selection hypotheses. These hypotheses assume certain computations that integrate over distributively-represented auditory features. The syllable parsing hypothesis hypothesizes neural operations integrating features belonging to the same syllable. The sensory selection hypotheses propose either a temporal coherence analysis or a temporal predictive analysis.



In the last decade or so, cortical entrainment to the temporal envelope of speech has been demonstrated in humans using magnetoencephalography (MEG; Ahissar et al., 2001; Luo and Poeppel, 2007), electroencephalography (EEG; Aiken and Picton, 2008), and electrocorticography (ECoG; Nourski et al., 2009). This envelope following response can be recorded from subjects listening to sentences or spoken passages and therefore provides an online marker of neural processing of continuous speech. Envelope entrainment has mainly been seen in the waveform of low-frequency neural activity (<8 Hz) and in the power envelope of high-gamma activity (Pasley et al., 2012; Zion Golumbic et al., 2013). Although the phenomenon of envelope entrainment has been well established, its underlying neural mechanisms, and functional roles remain controversial. It is still under debate whether entrained cortical activity is more closely tied to the physical properties of the acoustic stimulus or to higher level language related processing that is directly related to speech perception. A number of studies have shown that cortical entrainment to speech is strongly modulated by top–down cognitive functions such as attention (Kerlin et al., 2010; Ding and Simon, 2012a; Mesgarani and Chang, 2012; Zion Golumbic et al., 2013) and therefore is not purely a bottom-up response. On the other hand, cortical entrainment to the sound envelope is seen for non-speech sound (Lalor et al., 2009; Hämäläinen et al., 2012; Millman et al., 2012; Wang et al., 2012; Steinschneider et al., 2013) and therefore does not rely on speech-specific neural processing. In this article, we first summarize a number of hypotheses about the functional roles of envelope entrainment, and then review the literature about how envelope entrainment is affected by speech intelligibility.

FUNCTIONAL ROLES OF CORTICAL ENTRAINMENT

A number of hypotheses have been proposed about what aspects of speech, ranging from its acoustic features to its linguistic meaning, are encoded by entrained cortical activity. A few dominant hypotheses are summarized and compared (Table 1). Other unresolved questions about cortical neural entrainment, e.g., what the biophysical mechanisms generating cortical entrainment are, and whether entrained neural activity is related to spontaneous neural oscillations, are not covered here (see discussions in e.g., Schroeder and Lakatos, 2009; Howard and Poeppel, 2012; Ding and Simon, 2013b).

TABLE 1. A summary of major hypotheses about the functional roles of cortical entrainment to speech.
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ONSET TRACKING HYPOTHESIS

Speech is dynamic and is full of acoustic “edges,” e.g., onsets and offsets. These edges usually occur at syllable boundaries and are well characterized by the speech envelope. It is well known that a reliable macroscopic brain response can be evoked by an acoustic edge. Therefore, it has been proposed that neural entrainment to the speech envelope is a superposition of discrete, edge/onset related brain responses (Howard and Poeppel, 2010). Consistent with this hypothesis, it has been shown that the sharpness of acoustic edges, i.e., how quickly sound intensity increases, strongly influences cortical tracking of the sound envelope (Prendergast et al., 2010; Doelling et al., 2014). A challenge of this hypothesis, however, is that speech is continuously changing and it remains a problem as to which acoustic transients can be counted as edges.

If this hypothesis is true, a question naturally follows about whether envelope entrainment can provide insights that cannot be learned using the traditional event-related response approach. The answer is yes. Cortical responses, including edge/onset related auditory evoked responses, are stimulus-dependent, and quickly adapt to the spectro-temporal structure of the stimulus (Zacharias et al., 2012; Herrmann et al., 2014). Therefore, even if envelope entrainment is just a superposition of event-related responses, it can still provide insights about the properties of cortical activity when it is adapted to the acoustic properties of speech.

COLLECTIVE FEATURE TRACKING HYPOTHESIS

When sound enters the ear, it is decomposed into narrow frequency bands in the auditory periphery and is further decomposed into multi-scale acoustic features in the central auditory system, such as pitch, sound source location information, and coarse spectro-temporal modulations (Shamma, 2001; Ghitza et al., 2012). In speech, most acoustic features coherently fluctuate in time and these coherent fluctuations are captured by the speech envelope. If a neuron or a neural population encodes an acoustic feature, its activity is synchronized to the strength of that acoustic feature. As a result, neurons or neural networks that are tuned to coherently fluctuating speech features are activated coherently (Shamma et al., 2011).

Analogously to the speech envelope being the summation of the power of all speech features at each time moment, the large-scale neural entrainment to speech measured by MEG/EEG can be the summation of neural activity tracking different acoustic features of speech (Figure 1B). It is therefore plausible to hypothesize that macroscopic speech entrainment is a passive summation of microscopic neural tracking of acoustic features across neurons/networks (Ding and Simon, 2012b). Based on this hypothesis, the MEG/EEG speech entrainment is a marker of a collective cortical representation of speech but does not play any additional roles in regulating neuronal activity.

The onset tracking hypothesis can be viewed as a special case of the collective feature tracking hypothesis, when the acoustic features driving cortical responses are restricted to a set of discrete edges. The collective feature tracking hypothesis, however, is more general since it allows features to be continuously changing and also incorporates features that are not associated with sharp intensity changes, such as changes in the pitch contour (Obleser et al., 2012), and sound source location. Under the onset tracking hypothesis, entrained neural activity is a superposition of onset/edge-related auditory evoked responses. Under the more general collective feature tracking hypothesis, at a first-order approximation, entrained activity is a convolution between speech features, e.g., the temporal envelopes in different narrow frequency bands, and the corresponding response functions, e.g., the response evoked by a very brief tone pip in the corresponding frequency band (Lalor et al., 2009; Ding and Simon, 2012b).

SYLLABIC PARSING HYPOTHESIS

During speech recognition, the listener must segment a continuous acoustic signal into a sequence of discrete linguistic symbols, into the units of, e.g., phonemes, syllables or words. The boundaries between phonemes, and especially syllables, are relatively well encoded by the speech envelope (Stevens, 2002; Ghitza, 2013, see also Cummins, 2012). Furthermore, the average syllabic rate ranges between 5 and 8 Hz across languages (Pellegrino et al., 2011) and the rate for stressed syllables is below 4 Hz for English (Greenberg et al., 2003). Therefore it has been hypothesized that neural entrainment to the speech envelope plays a role in creating a syllabic level, discrete, representation of speech (Giraud and Poeppel, 2012). In particular, it has been hypothesized that each cycle of the cortical theta oscillation (4–8 Hz) is aligned to the portion of speech signal in between of two vowels, corresponding to two adjacent peaks in the speech envelope. Auditory features within a cycle of theta oscillation are then used to decode the phonetic information of speech (Ghitza, 2011, 2013). Therefore, according to this hypothesis, speech entrainment does not only passively track acoustic features but also reflects the language-based packaging of speech into syllable size chunks. Since syllables play different roles in segmenting syllable-timed language and stress-timed language (Cutler et al., 1986), further cross-language research may further elucidate which of these neural processes are represented in envelope tracking activity.

SENSORY SELECTION HYPOTHESIS

In everyday listening environments, speech is often embedded in a complex acoustic background. Therefore, to understand speech, a listener must segregate speech from the listening background and process it selectively. A useful strategy for the brain would be to find and selectively process moments in time (or spectro-temporal instances in a more general framework) that are dominated by speech and ignore the moments dominated by the background (Wang, 2005; Cooke, 2006). In other words, the brain might robustly encode speech by taking glimpses at the temporal (or spectro-temporal) features that contain critical speech information. The rhythmicity of speech (Schroeder and Lakatos, 2009; Giraud and Poeppel, 2012), and the temporal coherence between acoustic features (Shamma et al., 2011), are both reflected by the speech envelope and so become critical cues for the brain to decide where the useful speech information lies. Therefore, envelope entrainment may play a critical role in the neural segregation of speech and the listening background.

In a complex listening environment, cortical entrainment to speech has been found to be largely invariant to the listening background (Ding and Simon, 2012a; Ding and Simon, 2013a). Two possible functional roles have been hypothesized for the observed background-invariant envelope entrainment. One is that the brain uses temporal coherence to bind together acoustic features belonging to the same speech stream and envelope entrainment may reflect computations related to this coherence analysis (Shamma et al., 2011; Ding and Simon, 2012a). The other is that envelope entrainment is used by the brain to predict which moments contain more information about speech than the acoustic background and then guide the brain to selectively process those moments (Schroeder et al., 2008; Schroeder and Lakatos, 2009; Zion Golumbic et al., 2012).

WHICH HYPOTHESIS IS TRUE? AN ANALYSIS-BY-SYNTHESIS ACCOUNT OF SPEECH PROCESSING

Speech processing is a complicated process that can be roughly divided into an analysis stage and a synthesis stage. In the analysis stage, speech sounds are decomposed into primitive auditory features, a process that starts from the cochlea and applies mostly equally to the auditory encoding of both speech and non-speech sounds. A later synthesis stage, in contrast, combines multiple auditory features to create speech perception, including, e.g., binding spectro-temporal cues to determine phonemic categories, or integrating multiple acoustic cues to segregate a target speech stream from an acoustic background. The onset tracking hypothesis and the collective feature tracking hypothesis both view speech entrainment as a passive auditory encoding mechanism belonging to the analysis stage. Note, however, that the analysis stage does include some integration over separately represented features also. For example, neural processing of pitch and spectral modulations requires integrating information across frequency. Functionally, however, the purpose of integrating features in the analysis stage is to extract higher level auditory features rather than to construct linguistic/perceptual entities.

The syllabic parsing hypothesis and the sensory selection hypothesis propose functional roles of cortical entrainment in the synthesis stage. They hypothesize that cortical entrainment is involved in combining features into linguistic units, e.g., syllables, or perceptual units, e.g., speech streams (Figure 1C). These additional functional roles may be implemented in two ways: an active mechanism would be one that entrained cortical activity, as a large-scale voltage fluctuation, directly regulating syllabic parsing or sensory selection (Schroeder et al., 2008; Schroeder and Lakatos, 2009). A passive mechanism would be one where neural computations related to syllabic parsing or sensory selection would generate spatially coherent neural signals that are measurable by macroscopic recording tools.

Although clearly distinctive from each other, the four hypotheses may all be true for different functional areas of the brain and describe different neural generators for speech entrainment. Onset detection, feature tracking, syllabic parsing, and sensory selection are all neural computations necessary for speech recognition and all of them are likely to be synchronized to the speech rhythm carried by the envelope. Therefore, these neural computations may all be reflected by cortical entrainment to speech, and may only differ in their fine-scale neural generators. It remains unclear, however, whether these fine-scale neural generators can be resolved by macroscopic recording tools such as MEG and EEG.

Future studies are needed to explicitly test these hypotheses, or explicitly modify them, to determine which specific acoustic features and which specific psycholinguistic processes are relevant to cortical entrainment. For example, to dissociate the onset tracking hypothesis and the collective feature tracking hypothesis, one approach is to create explicit computational models for them and test which model would fit the data better. To test the syllabic parsing hypothesis, it will be important to calculate the correlation between cortical entrainment and relevant behavioral measures, e.g., misallocation of syllable boundaries (Woodfield and Akeroyd, 2010). To test the sensory selection hypothesis, stimuli that vary in their temporal probability or coherence among spectro-temporal features are likely to be revealing.

ENVELOPE ENTRAINMENT AND SPEECH INTELLIGIBILITY

ENTRAINMENT AND ACOUSTIC MANIPULATION OF SPEECH

As indicated by its name, envelope entrainment is correlated with the speech envelope, an acoustic property of speech. Nevertheless, neural encoding of speech must underlie the ultimate goal of decoding its meaning. Therefore, it is critical to identify if cortical entrainment to speech is related to any behavioral measure during speech recognition, such as speech intelligibility.

A number of studies have compared cortical activity entrained to intelligible speech and unintelligible speech. One approach is to vary the acoustic stimulus and analyze how cortical entrainment changes within individual subjects. Some studies have found that cortical entrainment to normal sentences is similar to cortical entrainment to sentences that are played backward in time (Howard and Poeppel, 2010; Peña and Melloni, 2012; though see Gross et al., 2013).

A second way to reduce intelligibility is to introduce different types of acoustic interference. When speech is presented together with stationary noise, delta-band (1–4 Hz) cortical entrainment to the speech is found to be robust to noise until the listeners can barely hear speech, while theta-band (4–8 Hz) entrainment decreases gradually as the noise level increases (Ding and Simon, 2013a). In this way, theta-band entrainment is correlated with noise level and also speech intelligibility, but delta-band entrainment is not. When speech is presented together with a competing speech stream, cortical entrainment is found to be robust against the level of the competing speech stream even though intelligibility drops (Ding and Simon, 2012a; theta- and delta-band activity was not analyzed separately there).

A third way to reduce speech intelligibility is to degrade the spectral resolution through noise-vocoding, which destroys spectro-temporal fine structure but preserves the temporal envelope (Shannon et al., 1995). When the spectral resolution of speech decreases, it has been shown that theta-band cortical entrainment reduces (Peelle et al., 2013; Ding et al., 2014) but delta-band entrainment enhances (Ding et al., 2014). In contrast, when background noise is added to speech and the speech-noise mixture is noise vocoded, it is found that both delta- and theta-band entrainment is reduced by vocoding (Ding et al., 2014).

A fourth way to vary speech intelligibility is to directly manipulate the temporal envelope (Doelling et al., 2014). When the temporal envelope in the delta-theta frequency range is corrupted, cortical entrainment in the corresponding frequency bands degrades and so does speech intelligibility. When a processed speech envelope is used to modulate a broadband noise carrier, the stimulus is not intelligible but reliable cortical entrainment is nevertheless seen.

In many of these studies investigating the correlation between cortical entrainment and intelligibility, a common issue is that stimuli which differ in intelligibly also differ in acoustic properties. This makes it is difficult to determine if changes in cortical entrainment arise from changes in speech intelligibility or from changes in acoustic properties. For example, speech syllables generally have a sharper onset than offset, so reversing speech in time changes those temporal characteristics. Similarly, when the spectral resolution is reduced, neurons tuned to fine spectral features are likely to be deactivated. Therefore, based on the studies reviewed here, it can only be tentatively concluded that, when critical speech features are manipulated, speech intelligibility, and theta-band entrainment are affected in similar ways while delta-band entrainment is not. It remains unclear about whether speech intelligibility causally modulates cortical entrainment or that auditory encoding, reflected by cortical entrainment, influences downstream language processing and therefore become indirectly related to intelligibility.

VARIABILITY BETWEEN LISTENERS

A second approach to address the correlation between neural entrainment and speech intelligibility is to investigate the variability across listeners. Peña and Melloni (2012) compared neural responses in listeners who speak the tested language and listeners who do not speak the tested language. It was found that language understanding does not significantly change the low-frequency neural responses, but it does change high-gamma band neural activity. Within the group of native speakers, the intelligibility score still varied broadly in the challenging listening conditions. Delta-band, but not theta-band, cortical entrainment has been shown to correlate with intelligibility scores for individual listeners in a number of studies (Ding and Simon, 2013a; Ding et al., 2014; Doelling et al., 2014). The advantage of investigating inter-subject variability is that it avoids modifications of the sound stimuli. Nevertheless, it still cannot identify whether the individual differences in speech recognition arise from the individual differences in auditory processing (Ruggles et al., 2011), language related processing, or cognitive control.

The speech intelligibility approach in general, suffers from a drawback that it is the end point of the entire speech recognition chain, and is not targeted at specific linguistic computations, e.g., allocating the boundaries between syllables. Furthermore, when the acoustic properties of speech are degraded, speech recognition requires additional cognitive control and the involved neural processing networks adapt (Du et al., 2011; Wild et al., 2012; Erb et al., 2013; Lee et al., 2014). Therefore, just from a change in speech intelligibility, it is difficult to trace what kinds of neural processing are affected.

DISTINCTIONS BETWEEN DELTA- AND THETA-BAND ENTRAINMENT

In summary of these different approaches, when the acoustic properties of speech are manipulated, theta-band entrainment often shows changes that correlate with speech intelligibility. For the same stimulus, however, the speech intelligibility measured from individual listeners is often correlated with delta-band entrainment. To explain this dichotomy, here we hypothesize that theta-band entrainment encodes syllabic-level acoustic features critical for speech recognition, while delta-band entrainment is more closely related to the perceived acoustic rhythm rather than the phonemic information of speech. This hypothesis is also consistent with the fact that speech modulations between 4 and 8 Hz are critical for intelligibility (Drullman et al., 1994a,b; Elliott and Theunissen, 2009) while temporal modulations below 4 Hz include prosodic information of speech (Goswami and Leong, 2013) and it is the frequency range important for music rhythm perception (Patel, 2008; Farbood et al., 2013).

ENVELOPE ENTRAINMENT TO NON-SPEECH SOUNDS

Although speech envelope entrainment may show correlated changes with speech intelligibility when the acoustic properties of speech are manipulated, speech intelligibility is probably not a major driving force for envelope entrainment. A critical evidence is that envelope entrainment can be observed for non-speech sounds in humans and both speech and non-speech sounds in animals. Here, we briefly review human studies on envelope entrainment for non-speech sounds (see e.g., Steinschneider et al., 2013 for a comparison between envelope entrainment in human and animal models).

Traditionally, envelope entrainment has been studied using the auditory steady-state response (aSSR), a periodic neural response tracking the stimulus repetition rate or modulation rate. An aSSR at a given frequency can be elicited by, e.g., a click or tone-pip train repeating at the same frequency (Nourski et al., 2009; Xiang et al., 2010), and by amplitude or frequency modulation at that frequency (Picton et al., 1987; Ross et al., 2000; Wang et al., 2012). Although the cortical aSSR can be elicited in a broad frequency range (up to ~100 Hz), speech envelope entrainment is likely to be related to the slow aSSR in the corresponding frequency range, i.e., below 10 Hz (see Picton, 2007 for a review of the robust aSSR of 40 Hz and above). More recently, cortical entrainment has also been demonstrated for sounds modulated by an irregular envelope (Lalor et al., 2009). Low-frequency (<10 Hz) cortical entrainment to non-speech sound shares many properties with cortical entrainment to speech. For example, when envelope entrainment is modeled using a linear system-theoretic model, the neural response is qualitatively similar for speech (Power et al., 2012) and amplitude-modulated tones (Lalor et al., 2009). Furthermore, low-frequency (<10 Hz) cortical entrainment to non-speech sound is also strongly modulated by attention (Elhilali et al., 2009; Power et al., 2010; Xiang et al., 2010), and the phase of entrained activity is predictive of listeners’ performance in some sound-feature detection tasks (Henry and Obleser, 2012; Ng et al., 2012).

SUMMARY

Cortical entrainment to the speech envelope provides a powerful tool to investigate online neural processing of continuous speech. It greatly extends the traditional event-related approach that can only be applied to analyze the response to isolated syllables or words. Although envelope entrainment has attracted researchers’ attention in the last decade, it is still a less well-characterized cortical response than event-related responses. The basic phenomenon of envelope entrainment has been reliably seen in EEG, MEG, and ECoG, even at the single-trial level (Ding and Simon, 2012a; O’Sullivan et al., 2014). Hypotheses have been proposed about the neural mechanisms generating cortical entrainment and its functional roles, but these hypotheses remain to be explicitly tested. To test these hypotheses, a computational modeling approach is likely to be effective. For example, rather than just calculating the correlation between neural activity and the speech envelope, more explicit computational models can be proposed and used to fit the data (e.g., Ding and Simon, 2013a). Furthermore, to understand what linguistic computations are achieved by entrained cortical activity, more fine-scaled behavioral measures are likely to be required, e.g., measures related to syllable boundary allocation rather than the general measure of intelligibility. Finally, the anatomical, temporal, and spectral specifics of cortical entrainment should be taken into account when discussing its functional roles (Peña and Melloni, 2012; Zion Golumbic et al., 2013; Ding et al., 2014).
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Listening to speech is often demanding because of signal degradations and the presence of distracting sounds (i.e., “noise”). The question how the brain achieves the task of extracting only relevant information from the mixture of sounds reaching the ear (i.e., “cocktail party problem”) is still open. In analogy to recent findings in vision, we propose cortical alpha (~10 Hz) oscillations measurable using M/EEG as a pivotal mechanism to selectively inhibit the processing of noise to improve auditory selective attention to task-relevant signals. We review initial evidence of enhanced alpha activity in selective listening tasks, suggesting a significant role of alpha-modulated noise suppression in speech. We discuss the importance of dissociating between noise interference in the auditory periphery (i.e., energetic masking) and noise interference with more central cognitive aspects of speech processing (i.e., informational masking). Finally, we point out the adverse effects of age-related hearing loss and/or cognitive decline on auditory selective inhibition. With this perspective article, we set the stage for future studies on the inhibitory role of alpha oscillations for speech processing in challenging listening situations.
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1. INTRODUCTION

In ecological listening situations, auditory signals are rarely perceived in quiet due to the presence of different auditory maskers such as distracting background speech or environmental noise. Thus, sounds from different sources greatly overlap spectro-temporally at the level of the listener's ear. What are the neural correlates that facilitate selective listening to relevant target signals despite irrelevant auditory input (i.e., the “cocktail party problem”; Cherry, 1953)? At the central neural level, two complementary mechanisms of top–down control (i.e., regulation of subsidiary cognitive processes) should be considered: First, top–down selective attention to relevant information (Fritz et al., 2007) could facilitate target processing by enhancing the neural response to the attended stream (i.e., gain control; Lee et al., 2013). Second, top–down selective inhibition of maskers (Melara et al., 2002) could help to direct limited processing capacities away from irrelevant information (Desimone and Duncan, 1995), thereby avoiding full processing of distractors (Foxe and Snyder, 2011).

In this regard, interference of auditory maskers might be the result of both insufficient attention to the target and poor inhibition of noise and distractors. In this perspective article we focus on the latter, that is, neural mechanisms of auditory selective inhibition. We propose that cortical alpha (~10 Hz) oscillations are an important tool for top–down control as they regulate the inhibition of masker information during speech processing in challenging listening situations.

2. THE FUNCTIONAL SIGNIFICANCE OF ALPHA OSCILLATIONS

Neural oscillations in the alpha frequency range (~10 Hz) are the most dominant signal measurable in the human magneto- and electroencephalogram (M/EEG), going back to their first description by Berger (1931). The earliest observations of the alpha rhythm revealed that its amplitude is enhanced in humans who are awake but not actively engaged in any task. This finding led initially to the view that high alpha power might simply reflect the default state of brain inactivity or “cortical idling” (for a review, see Pfurtscheller et al., 1996).

Only within the last two decades, the functional significance of alpha oscillations has been recognized and furthermore its ubiquitous role across sensory modalities (visual: for review see Mathewson et al., 2011; sensorimotor: e.g., Haegens et al., 2012; auditory: e.g., Hartmann et al., 2012) and cognitive tasks (working memory: e.g., Jensen et al., 2002; attention: for a review see Klimesch, 2012; decision making: e.g., Cohen et al., 2009). One unifying mechanism suggested for alpha rhythms across modalities and brain areas is that it provides a neural means to functionally inhibit the processing of currently task-irrelevant or task-detrimental information (Jensen and Mazaheri, 2010; Foxe and Snyder, 2011). Please note that the opposite mechanism also has been proposed where higher inter-areal alpha phase synchronization does not index cortical inhibition but increased information processing such as for internal (working memory related) information processes (Palva and Palva, 2011). The functional inhibition hypothesis, though, has received neurophysiological support. For example, both alpha power (i.e., squared amplitude) and alpha phase modulate neuronal spike rate (Haegens et al., 2011) and thus can directly affect the efficiency of neural information flow. In future, the alpha network needs to be further characterized by its phase–amplitude coupling to gamma oscillations (Jensen et al., 2012) and its role in top–down control as implemented in different cortical layers (Buffalo et al., 2011; Spaak et al., 2012) or in thalamico-cortical communication (Strauss et al., 2010; Roux et al., 2013).

Despite the abundance of studies on the role of alpha activity for visual selective inhibition, there are currently few studies that directly examine the role of alpha activity in the auditory modality. Recently, a series of studies found modulations in alpha power in a variety of auditory tasks prompted by degraded spectral detail (Obleser and Weisz, 2012), missing temporal expectations (Wilsch et al., 2014), working memory load (Leiberg et al., 2006; Obleser et al., 2012), or syntactic complexity (Meyer et al., 2013). Together, these findings provide good evidence that alpha oscillatory power can be a reliable indicator of auditory cognitive load (see also Luo et al., 2005; Kaiser et al., 2007). In the following section, we argue that part of this cognitive load occurs due to auditory selective inhibition as a compensatory mechanism for demanding listening situations and manifests in enhanced alpha power.

3. ALPHA OSCILLATIONS AS A TOOL FOR AUDITORY SELECTIVE INHIBITION

A common observation from our laboratory is a prominent increase in alpha power when participants listen to auditory materials presented against background noise (e.g., Wilsch et al., 2014). Figure 1A, for example, shows the grand average alpha power of 11 participants during a lexical decision task on isolated words presented in quiet (published in Strauß et al., 2014) and in white noise. For words in quiet, alpha power at around 10 Hz did not considerably increase after word onset. However, when words were presented in noise, alpha power was increased during the first 500 ms after word onset corresponding to the first two thirds of the average word duration. This effect was strongest over temporal and occipital sites (topography in Figure 1A) suggesting the inhibition of the task irrelevant visual modality but also compensatory mechanisms within speech-related areas. Critically, alpha power difference did not depend on ITPC (inter-trial phase coherence) differences, as indicated by the absence of a stronger ITPC in noise compared to quiet (Figure 1B). In fact, no significant ITPC differences were observed between 0.2 and 0.5 s. We therefore presume that induced (i.e., not strictly stimulus-locked; Freunberger et al., 2009) alpha power is crucial for speech processing in challenging listening conditions as it suppresses irrelevant information.


[image: image]

FIGURE 1. The proposed role of alpha activity for speech processing in noise. (A) Average absolute alpha power of 11 participants performing a lexical decision task on words in quiet (top) and in white noise (bottom). SNRs were titrated individually using a two-down-one-up staircase adaptive tracking procedure. Average SNR was −10.22 dB ±1.95 (SD) such that participants performed about 71% correct. Speech onset is indicated by the black vertical line at 0 s; average word length = 750 ms; EEG recorded from 61 scalp electrodes; time-frequency analysis using Morlet wavelets. Plots show measures of absolute power averaged over all scalp electrodes. Topography depicts the alpha power difference for speech in noise–quiet. Data were SCD (source current density)-transformed before power estimation to improve spatial resolution. (B) Inter-trial phase coherence (ITPC) as a measure of phase-locking of oscillations over trials. ITPC is bound between 0 and 1; higher ITPC values indicate stronger phase alignment across trials. (C) A simple framework of alpha oscillations for speech processing in noise. Acoustic signals overlap energetically as they enter the ear. At the brain level, features of speech and noise are processed as far as possible in distinct processing channels (depicted here with arrows; for details see text). High alpha power inhibits channels processing noise features to allow for an optimal task performance with minimized noise interference.



Figure 1C illustrates a tentative framework for how alpha oscillations could support auditory selective inhibition. Sounds arriving at the listener's ear must be further processed in the brain to extract task-relevant information. One way to think about the proposed mechanism is in terms of auditory object selection which requires object formation in the first place (Shinn-Cunningham, 2008). An auditory object might be formed on the basis of common spectro-temporal features, harmonicity, simultaneous onsets, or spatial grouping (Griffiths and Warren, 2004; Bizley and Cohen, 2013). We refer to all these different features used to form auditory objects as “channels” of auditory information represented by the arrows in Figure 1C. The concept of channels has a long tradition (Broadbent, 1958) and is inspired by the most clear distinction of target and distractor used in many dichotic listening paradigms where left and right ear channel need to be separated. Nevertheless, channels in our framework should be conceived as functional auditory processing units rather than anatomical pathways. As soon as these channels are defined, attention or inhibition can be selectively applied, given attentionally flexible fields in the auditory cortices (Petkov et al., 2004). Note that even though in the visual modality claims about alpha oscillations in feature-based (Romei et al., 2012) and object-based (Kinsey et al., 2011) attention have been made, we do not make any assumption about this distinction in our framework and use the term “channels” for both features and objects, or early and late selection.

If speech is presented in quiet (Figure 1C, top panel), alpha power is low in channels processing features of the speech signal to support processing of task-relevant information. Accordingly, the net resulting alpha power in the M/EEG would continue on baseline level (Figure 1A) and decrease during word integration (>400 ms). If, however, speech is presented in the presence of maskers (e.g., environmental noise, distracting talkers; Figure 1C, bottom panel), alpha power needs to be up-regulated first in those channels processing noise features before it is going to be suppressed during word integration (Figure 1A). Enhanced alpha activity inhibits processing of noise and thereby “protects” (Klimesch, 1999; Roux and Uhlhaas, 2014) the task- or performance-relevant information in the speech signal from noise interference.

Importantly, the up-regulation of alpha power in channels that process noise is not an automatic (“bottom–up”) process but critically depends on “top–down” attentional control. For instance, in a multi-talker situation, target and distracting talker switch roles permanently, as the listener decides to change the conversational partner. In such a situation, M/EEG alpha power would be constantly at a high level; however, the deployment of alpha power onto the different processing channels would be changing continuously.

What is the functional role of high alpha activity for word processing in noise? To answer this question, it is essential to distinguish between interpretations in which alpha activity is related to target processing from these related to noise processing. It is possible that the reduced intelligibility of words in noise leads to sub-optimal word processing and thus to less alpha suppression in brain areas relevant for speech processing (Strauß et al., 2014). The inverse mechanism, as we put forward in the current framework, is equally likely by which alpha power is enhanced for temporarily irrelevant information and thereby compensates for perceived cognitive effort (increased when listening to speech in noise: Larsby et al., 2005; Helfer et al., 2010; Zekveld et al., 2011). In this regard, alpha would “protect” the lexical processes from noise interference. The challenge will be to experimentally dissect these (not mutually exclusive) mechanisms. We now review initial evidence for alpha's inhibitory role in audition.

Currently, there are only few studies that show alpha power modulations when participants simultaneously listen to two auditory streams, that is, one signal and one masker. In one study by Kerlin et al. (2010), participants were simultaneously listening to two spatially separated speech streams. On each trial, an initial visual cue indicated whether they were supposed to attend the left or right stream. During speech presentation, EEG alpha power was enhanced over the cerebral hemisphere contralateral to the masker, while alpha power was reduced contralateral to the to-be-attended stream. The authors concluded that this alpha lateralization indexes the direction of auditory attention to speech in space. Importantly, this finding corroborates our view that enhanced alpha power in brain areas engaged in distractor processing decreases further processing of the distractor and hence, facilitates processing of the target signal. However, two questions arise from this study: First, as the direction of auditory attention was cued visually in this study, it might be that the alpha lateralization indicates the allocation of supramodal rather than auditory selective attention (Farah et al., 1989). Second, spatial attention may play a special role not least because of auditory processing models suggesting separate what- and where-pathways (Rauschecker and Scott, 2009).

In three other recent studies, alpha power modulations were consistently found during the anticipation of auditory target signals from the left or right (Banerjee et al., 2011; Müller and Weisz, 2012; Ahveninen et al., 2013). In these studies, participants were cued to attend either the auditory event on the left or right, and to ignore the distractor on the other side. Alpha power was enhanced during the anticipation of auditory stimulation contralateral to the distractor. These results demonstrate alpha lateralization effects already during the preparation for an auditory selective listening task. This is in line with studies reporting high pre-stimulus alpha power when participants are about to miss a (visual) target (van Dijk et al., 2008; Busch et al., 2009; Romei et al., 2010). In terms of our framework (Figure 1C), anticipatory high alpha power successfully blocks in-depth processing of sensory information that might lead to missing the target.

However, interpretations of these studies are limited for our model, since alpha power modulations were found only during the anticipation but not during the actual processing of competing auditory streams. More data are clearly needed on the peri-stimulus alpha dynamics. As the spatial resolution of M/EEG is limited, prospective experiments could induce alpha oscillations over specific brain areas using transcranial alternating current stimulation (tACS) to assess the influence of alpha modulations on listening success under adverse acoustic conditions. Moreover, future studies could record the electrocorticogram (ECoG) directly from the cortical surface to track alpha sources and reveal the interplay between frequency bands. Such higher spatial resolution would allow to differentiate between alpha activity in brain regions associated with processing the masker or the signal. As of now, we are left to speculate how spatially specific alpha oscillations might operate, for example along a cochleotopic gradient in primary auditory cortex. The best data to infer from stems from visual cortex, where for example Buffalo and colleagues recorded with two electrode tips in attended vs. non-attended receptive fields less than a millimeter apart and report attention-dependent opposing, and deep-layer-specific alpha changes (expressed as alpha spike-field coherence; Buffalo et al., 2011). Comparable data are, to our knowledge, still missing for auditory areas.

In the next two sections, we will elaborate first, at which levels of auditory processing alpha power might be deployed for the inhibition of different kinds of auditory maskers, and second, how age and hearing loss might affect auditory selective inhibition.

4. MASKING RELEASE VIA ALPHA ENHANCEMENT ALONG THE AUDITORY PATHWAY

So far, we have shown that alpha oscillations are an attractive neural candidate mechanism of selective auditory inhibition. There are different aspects which need to be systematically investigated in order to determine the role of alpha: Which neural circuits “deploy” or trigger high-alpha states? And in terms of the current framework: What kind of channels can be attenuated by enhanced alpha power?

Currently, there are few studies mapping the sources of alpha power during masked auditory processing. Some evidence has accumulated showing noise-invariant representations of the signal in auditory cortices (Chang et al., 2010; Ding and Simon, 2012) with the degree of invariance increasing from peripheral to cortical processing stages (Rabinowitz et al., 2013). If we assume that alpha is an important central mechanism to inhibit various types of maskers, these studies suggest that masking release via alpha enhancement might occur as early as in primary auditory cortex. A first direct hint to this idea might be the case of an illusory sound percept like tinnitus, which can be centrally suppressed by means of increasing alpha power in primary auditory cortex (Leske et al., 2013; Weisz et al., 2014). This is in line with research showing that attention modulates activity in sensory cortices corresponding to the modality of the stimulus (e.g., Heinrich et al., 2011; Wild et al., 2012). Thus, alpha activity in primary auditory cortex might be crucially contributing to inhibiting the formation of auditory objects.

In future studies investigating underlying alpha sources, a distinction between energetic and informational masking might be crucial (Brungart et al., 2001; Mattys et al., 2009; Scott and McGettigan, 2013; for a more comprehensive overview of potential adverse listening conditions see Mattys et al., 2012). Energetic masking describes the competition of auditory target and masker in the auditory periphery due to spectro-temporal overlay of the two signals, causing an overlap of excitation patterns in the cochlea and auditory nerve (Durlach et al., 2003). One type of background signal often assumed to cause primarily energetic masking is white noise (e.g., Arbogast et al., 2005) which is quasi-stationary and has high energy in a broad frequency range (for discussion see Stone et al., 2012). Although informational masking is sometimes defined only negatively as all masking effects not accounted for by energetic masking (cf. Gutschalk et al., 2008), a more refined definition is required, especially when it comes to speech processing. When target speech is masked by a competing talker, it is not just the energetic overlap of the two signals that causes masker interference. Rather, the speech masker initiates phonetic and semantic processing that interferes with the linguistic processing of the target (Schneider et al., 2007). Thus, informational masking describes the interference of target and masker at a more central, cognitive level, whereas energetic masking refers to energetic overlap in the auditory periphery.

According to the framework described above, alpha oscillations might be important for inhibition of both types of maskers, however, in different brain areas. We presume that energetic maskers are inhibited by enhanced alpha activity in auditory cortex (Müller and Weisz, 2012). In contrast, processing of informational maskers like competing speech should rather be inhibited by alpha activity in higher auditory areas such as posterior superior temporal gyrus (pSTG) and beyond, relevant for linguistic processing (Scott et al., 2004, 2009). In addition to the proposed inhibition of auditory input, alpha oscillations are involved in supramodal or crossmodal inhibition of the currently task-irrelevant modality (Banerjee et al., 2011).

5. EFFECTS OF AGE AND HEARING LOSS ON AUDITORY DISTRACTOR INHIBITION

In acoustically demanding multi-talker situations, older listeners typically experience more difficulties compared with younger adults. It is however unclear, in how far these difficulties are caused by age-related decline in perceptual auditory acuity (hearing loss or loss of temporal and spectral resolution; Fostick and Babkoff, 2013), decline of cognitive functioning with age, or both (Wingfield et al., 2005). Crucial for the present framework, however, both auditory perceptual and cognitive decline could lead to insufficient masker inhibition. First, compared with normal-hearing controls, listeners with hearing loss are less successful in utilizing spectral (Lorenzi et al., 2006), temporal (Tremblay et al., 2003), and spatial auditory cues (Neher et al., 2009) important for the perceptual segregation of different sound sources. Thus, attending to relevant and inhibiting irrelevant sound sources is impaired, as auditory features are lacking to distinguish the different sound sources in the first place (Shinn-Cunningham and Best, 2008). Second, age negatively affects many aspects of cognitive functioning (Park et al., 2003), amongst it the ability to suppress irrelevant but salient auditory distractors (Chao and Knight, 1997; Tun et al., 2002; Passow et al., 2014). Thus, even if the perceptual segregation of sound sources is accomplished successfully, the insufficient inhibition of maskers may cause interference.

In line with prior studies that found age effects on brain oscillatory activity in the alpha frequency range (Yordanova et al., 1998; Klimesch, 1999; Böttger et al., 2002), we consider it valuable to investigate alpha oscillations in demanding listening tasks as an indicator of age-dependent auditory cognitive effort of masker inhibition. We presume that auditory selective inhibition, realized by alpha activity in channels relevant for masker processing (Figure 1C), serves as a compensatory mechanism as multi-talker listening conditions become more demanding, for instance due to a decreasing signal-to-noise ratio (SNR). The study of alpha oscillations could help to reveal how listeners of different age exert top–down attentional control to facilitate processing of task-relevant signals and inhibit processing of interfering maskers. In particular, this line of research might foster the understanding of why older listeners find it more exhausting to participate in cocktail party-like listening situations compared with younger listeners (Pichora–Fuller, 2003).

6. CONCLUSIONS

In this perspective article, we have presented a framework for studying alpha oscillations as a tool for auditory selective inhibition in challenging listening situations. We have presented initial evidence qualifying alpha oscillations as a pivotal mechanism affecting listening in multi-talker situations. Future studies could expand these findings and study the role of alpha oscillations (1) during speech perception in ecologically valid listening situations, (2) in the presence of energetic and informational maskers, and (3) for aging and hearing-impaired listeners.
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Acoustic stimuli can cause a transient increase in the excitability of the motor cortex. The current study leverages this phenomenon to develop a method for testing the integrity of auditorimotor integration and the capacity for auditorimotor plasticity. We demonstrate that appropriately timed transcranial magnetic stimulation (TMS) of the hand area, paired with auditorily mediated excitation of the motor cortex, induces an enhancement of motor cortex excitability that lasts beyond the time of stimulation. This result demonstrates for the first time that paired associative stimulation (PAS)-induced plasticity within the motor cortex is applicable with auditory stimuli. We propose that the method developed here might provide a useful tool for future studies that measure auditory-motor connectivity in communication disorders.
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INTRODUCTION

Paired associative stimulation (PAS) is a technique used to experimentally induce long-lasting changes in cortical excitability (Stefan et al., 2002; Ridding and Flavel, 2006; Mrachacz-Kersting et al., 2007; Murakami et al., 2008; Kumpulainen et al., 2012). Most commonly in PAS studies, electrical stimulation of the median nerve is paired with transcranial magnetic stimulation (TMS) of the contralateral motor cortex. The nerve impulse resulting from the somatosensory stimulus can be timed to arrive at the cortical level milliseconds prior the TMS pulse in order to induce a long-lasting increase in excitability—a process that is thought to be mediated by a Hebbian long-term potentiation (LTP)-like process (Stefan et al., 2002).

In recent years, modified PAS protocols have been designed that apply more ecologically valid stimuli in place of either the TMS or the electrical somatosensory stimulation, e.g., TMS paired with movement (Thabit et al., 2010) or electrical somatosensory stimulation paired with motor imagery (Mrachacz-Kersting et al., 2012). PAS protocols have also moved beyond ubiquitous sensorimotor associations to demonstrate that pairing a TMS-induced cortical activation outside the motor cortex with a homotopic sensory activation can induce enhanced responses to sensory inputs. For example, Schecklmann et al. (2011) showed that pairing a TMS pulse to the auditory cortex with a simple tone could induce a prolonged decrement of the auditory evoked potential. Cortical stimulation has also been paired with visual stimuli to demonstrate the capacity for visuomotor integration to mediate plastic changes in motor cortex (Suppa et al., 2013). To date however, the connections known to exist between the auditory and motor domains have not been tested for their capacity to induce motor cortex plasticity.

A number of well-described functional links between audition and the motor system exist. These range from protective reflexive motor activations in response to signals of potential danger (Forbes and Sherrington, 1914) to the complex feedback and feedforward communication necessary for fluent speech to occur (Tourville et al., 2008; Perkell, 2012). These connections allow us to, for example, modulate the volume of our speech to appropriately match the ambient environmental noise (Lane and Tranel, 1971) or modulate the sensitivity of our sensory system to compensate for speech-induced reafference (Curio et al., 2000).

Motoric activation via auditory inputs has been demonstrated in a number of experiments that have used TMS to probe the link between speech perception and motor representations. Modulation of motor cortical excitability during speech perception has been demonstrated to occur in the cortical representations of the hand (Flöel et al., 2003), lips (Watkins et al., 2003) and tongue (Fadiga et al., 2002; Roy et al., 2008).

Despite evidence suggesting a strong connection between auditory and motor centers, auditory stimuli have not yet been used in a modified PAS study to induce plasticity in the motor area. The aim of the current study was to investigate whether it is possible to induce plasticity in the motor system by pairing auditory stimuli and TMS. The development of such a protocol would in future allow for the direct investigation of auditorimotor linkages in a number of disorders where these are thought to be abnormal. Auditorimotor disconnection or dysfunction has, for example, been proposed to underpin the speech dysfluencies that characterize stuttering (Neef et al., 2011) and the misattribution of self-produced speech that may produce auditory hallucinations in schizophrenia (Ford et al., 2005).

METHODS

Two separate experiments (A and B) were conducted. Given that the timing of stimuli in a PAS protocol is critical for facilitating plastic change (Stefan et al., 2002; Wolters et al., 2005; Mrachacz-Kersting et al., 2007; Murakami et al., 2008; Kumpulainen et al., 2012), the aim of Experiment A was to find, at a group level, the optimal offset timing of the motor cortical excitation from the onset of the auditory stimulus. This offset was determined by applying TMS pulses at different latencies relative to the onset of the auditory stimulus and measuring the conditioned motor evoked potential (MEP) in the right first dorsal interosseus (FDI) muscle.

The PAS protocol implemented in Experiment B was informed by the results of Experiment A. First a baseline session was conducted where MEPs (TMS with no auditory stimuli) were collected and saved as pre-PAS measurements. This was followed by an intervention block which consisted of the auditorimotor PAS-protocol. During the intervention block, subjects received an auditory stimulus paired with TMS using the optimal time latency between stimulations that was found in Experiment A. After the intervention session, post-PAS MEPs were recorded immediately after and then 15 min after the session ended (post and post15, respectively). By comparing pre- with post-MEPs and post15-MEPs it was possible to evaluate whether motor cortex excitability changes had occurred, how fast they evolved and whether they were long-lasting.

EXPERIMENT A—TIMING OF STIMULI

SUBJECTS

Experiment A was performed on 12 healthy right-handed volunteers (9 males), aged 18–36 years (mean 24.2 ± 5.0 years). Prior to commencement of the experiment subjects completed a standard TMS screening questionnaire and provided written informed consent. None of the subjects reported any history of hearing impairment, neurological disease or mental illness, was taking regular medication or had a history brain injury. This study was reviewed and approved by the Human Research Ethics Committee of Macquarie University.

EXPERIMENTAL PROCEDURE

Subjects were seated in a chair with their right arm and hand resting in a comfortable position on an armrest. An armrest was used in order to eliminate hand movements during recordings. During the experiment the subject was told to relax, avoid any movement of the right arm and hand and to have their eyes open. Surface EMG (sEMG) was recorded (1000 × gain, bandpass filtered from 20–500 Hz) from a bipolar electrode (Medi-Trace 100, Kendall/Tyco Healthcare, USA) montage. One electrode was placed over the muscle belly of the right FDI muscle and the other electrode was placed over the proximal metacarpal of the index finger.

A monophasic transcranial magnetic stimulator (Magstim model 200, Magstim, Whitland, UK), with a focal figure-of-eight stimulating coil (90-mm outer diameter), was used to elicit MEPs from the right FDI muscle. The stimulating coil was held tangentially to the skull with the coil oriented 45° to the parasagittal plane and the handle pointing laterally and posteriorly. The center of the coil junction was placed over the primary motor cortex (M1) hand area of the left hemisphere and the “motor hot spot” was determined as the site where TMS consistently elicited the largest MEPs.

Resting motor threshold (MT) was determined by finding the lowest stimulation intensity of the motor hotspot for the right FDI needed in order to obtain an MEP with a peak-to-peak amplitude of 50 µV in 5 out of 10 consecutive stimulations. The TMS test intensity was then set at 120% of resting MT. Eight different TMS conditions were tested. These consisted of seven auditory-stimulation/TMS pairs and one TMS condition without associated auditory stimulation (baseline). The auditory-stimulation/TMS pairs consisted of a test TMS pulse applied at one of seven different intervals (25, 50, 100, 150, 200, 250 and 300 ms) after the onset of the auditory stimulus. The auditory stimulus consisted of a male voice pronouncing the word “Hey!” played back at 80 dB SPL via Etymotic ER-1 insert tube-phones. We chose to use a speech sounds because previous research suggests that speech sounds strongly activate the motor cortex e.g., Flöel et al. (2003). However, other evidence suggests that the motor cortex might be also activated by non speech sounds (Watkins et al., 2003; Alibiglou and Mackinnon, 2012) so we also included a condition in which the auditory stimulus matched the amplitude envelope of the speech stimulus but consisted entirely of white noise (Pulvermüller et al., 2006). This signal-correlated noise (SCN) stimulus was created using Praat (Boersma and Weenink, 2013). Time and frequency domain comparisons of the two signals are displayed in Figure 1.

The order of all seven auditory-stimulation/TMS pairs and stimulus types (speech or SCN) was randomly intermingled and presented with an intertrial interval (ITI) that randomly varied between 4000 and 5000 ms in two blocks such that the total number of stimuli per condition was 16. The total number of trials was hence 128 (16 baseline trials + 7 × 16 conditioned trials). The duration of the experiment was approximately 25 min.
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FIGURE 1. Two sounds used as auditory stimuli. (A) The word “Hey!” and (B) signal correlated noise version of (A). Frequency spectra of the two auditory stimuli. (A) The word “Hey!” and (B) signal correlated noise (white noise) version of (A).



DATA PROCESSING

Offline MEP analysis was conducted using a custom MATLAB (The Mathworks, USA) script. The average MEP amplitude calculated for each sound type and auditory-stimulation/TMS pair was expressed as a function of the average pre MEP (baseline).

STATISTICAL ANALYSIS

A repeated measures ANOVA with the factors delay (auditory-stimulus/TMS interval) and condition (speech or SCN) was performed on the averaged MEPs. A two-tailed, one-sample t-test was then used to determine the time points at which the conditioned MEPs differed significantly from baseline using an α-value of 0.05.

EXPERIMENT B—AUDITORIMOTOR PAS

SUBJECTS

Experiment B was performed on 10 healthy right-handed volunteers (8 males), aged 18–31 years (mean 24.5 ± 3.3 years) without any prior neurological medical history. Written informed consent was obtained from each subject before participation in the study.

EXPERIMENTAL PROCEDURE

The procedure used in Experiment B was similar to the one used in Experiment A. The main difference was that a single auditory stimulus/TMS interval (100 ms) was used during the PAS induction period in Experiment B. As no difference in MEP facilitation between the speech and SCN stimulus conditions was found in Experiment A we arbitrarily chose to use only the speech stimulus in Experiment B. PAS induction following baseline MEP recording consisted of a total of 200 auditory stimulus/TMS pairs applied with a 4000–5000 ms random interval between each pair. A 2 min pause in stimulation after 100 pairs were applied was included. The total duration of the experiment was approximately 27 min (introduction: 10 min, part one: 7.5 min, pause: 2 min, part two: 7.5 min).

STATISTICAL ANALYSIS

A two-tailed, one-sample t-test was used to determine significant differences between pre-MEPs (baseline), post-MEPs and post15-MEPs using an α-value of 0.05.

RESULTS

Mean (± SEM) MEP threshold in Experiment A was 45.5 ± 2.1% of stimulator output and 46.6 ± 2.4% in Experiment B.

Results from Experiment A are shown in Figure 2. A repeated measures ANOVA showed that there was a significant effect of delay on the size of the MEP F(6,66) = 2.3, p = 0.045. There was no significant effect of condition nor significant interaction between delay and condition. Within condition comparison of mean normalized MEPs to baseline by means of a two-tailed one-sample t-test revealed that in the noise condition, MEPs were significantly increased above baseline for one ISI: 100 ms (115.5 ± 5.2% of baseline, t(11) = 3.0, p = 0.012). For the speech sound condition two ISIs had MEPs that were significantly increased above baseline: ISI = 100 ms (117.0 ± 6.5% of baseline, t(11) = 2.6, p = 0.023) and ISI = 150 ms (111.4 ± 4.7% of baseline, t(11) = 2.4, p = 0.035).
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FIGURE 2. Normalized averaged MEP amplitudes (+SEM) at different times relative to the conditioning auditory stimulus. (A) MEP amplitudes for the condition “noise” for all ISIs (n = 12). (B) MEP amplitudes for the condition “speech sound”. Baseline is represented by the red horizontal line. * denotes average amplitude significantly different from baseline (p < 0.05).



Results from Experiment B show that across all subjects the averaged MEP peak-to-peak amplitude increased to 148% (post) and 165% (post15) of baseline as shown in Figure 3. Two-tailed one-sample t-tests showed a significant increase in normalized MEP peak-to-peak amplitude for post (t(9) = 3.8, p = 0.004) and post15 (t(9) = 2.9, p = 0.018). Comparison between post and post15 by means of a paired t-test revealed no significant difference (t(9) = 1.06, p = 0.32).
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FIGURE 3. Averaged post- and post15-MEP-amplitudes (+SEM) as percentage of baseline (n = 10). Baseline is represented by the red horizontal line. * denotes average amplitude significantly different from baseline (* < 0.05, ** < 0.01).



DISCUSSION

The current study demonstrates for the first time that long-lasting motor cortical plasticity can be induced by an auditorimotor PAS paradigm. This result is significant because it not only provides a new method for investigating auditorimotor integration, but importantly, also a method to directly probe the brain’s capacity for auditorimotor plasticity.

We utilized a two-stage approach in developing this PAS paradigm. First, we identified the optimal ISI for eliciting an enhanced MEP response compared to baseline. This paradigm follows the empirical approach developed by Mrachacz-Kersting et al. (2007) to investigate PAS induced plasticity in the cortical representation of tibialis anterior. The optimal interval we found fits well with the temporal structure of the auditory N1 to speech sounds which peaks 100 ms after stimulus onset e.g., Liotti et al. (2010), and agrees with the TMS findings of Fadiga et al. (2002) and those of Roy et al. (2008), who found “phonological motor resonance” was present at 100 ms after their target speech sound stimulus onsets. In both studies the authors applied TMS to the tongue motor representation following the presentation of pseudo-words containing double consonants. The MEP response that they recorded in the tongue peaked in amplitude when the auditory stimulus to TMS interval was 100 ms.

While we used a speech stimulus in these experiments, the lack of difference between the response to the speech stimulus and SCN found in Experiment A suggests that under the experimental conditions we have imposed, i.e., a repetitive presentation of a speech sound without the requirement for engagement on the part of the subject, the stimulus may not be processed as speech per se and should rather be considered a non-specific acoustic stimulus. This fact may explain why our results differ in part to those of Watkins et al. (2003) and Murakami et al. (2011) whose findings suggest that auditory-induced motor modulations related to speech listening are confined to the cortical representations of those muscles involved in articulation. Indeed, there is now a significant body of evidence to support the somatotopic arrangement of speech gesture perception (Fadiga et al., 2002; Roy et al., 2008; D’Ausilio et al., 2009, 2011; Möttönen and Watkins, 2009; Sato et al., 2010) but such findings do not necessarily rule out the non-specific motor activations in response to both speech and non-speech acoustic stimuli that have been documented using both TMS and other methods (Flöel et al., 2003; Alibiglou and Mackinnon, 2012; Fujioka et al., 2012).

The current study shows that repeated pairing of an acoustic stimulus with a TMS pulse to the motor cortex representation of the hand leads to a rapidly-evolving, long-lasting increase in cortical excitability. This effect was induced with an ISI of 100 ms, a time interval that corresponded to the point of peak enhancement in the acoustic stimulus-conditioned MEP. Given that this ISI was converged upon using a method that used discrete intervals with a minimum step of 50 ms, it is expected that this PAS technique could be refined further by re-examining the optimal sound-to-TMS interval using smaller time steps (i.e., less than 25 ms) centered around 100 ms. Moreover, using auditory evoked potentials to discover individualized N1 latencies, and then using these as the basis for the PAS ISI would likely refine the technique further. Since we were able to find a significant PAS effect in this proof of concept study, we posit that auditorimotor PAS is a robust effect that will provide a powerful tool for studying auditorimotor plasticity in the future.

Auditorimotor plasticity i.e., the capacity for strengthening of auditorimotor connections within the brain is essential for the acquisition of speech and the learning of musical competence. For this reason, techniques that can probe the brain’s capacity for auditorimotor plasticity provide the opportunity to investigate some of the hypothesized mechanisms of conditions such as stuttering and specific language impairment (SLI) in which disordered motor learning has been documented (Namasivayam and van Lieshout, 2008; Mayor-Dubois et al., 2014). Both of those conditions have been associated with disordered sensorimotor integration (Hill, 2001; Neef et al., 2011; Cai et al., 2012, 2014) and, in the case of SLI, with disordered auditorimotor plasticity (Kurt et al., 2012). Additionally, disorders such as schizophrenia and tinnitus have been associated with disrupted auditorimotor connections (Cacace, 2003; Ford et al., 2005; Langguth et al., 2005) and synaptic plasticity (Møller, 2003; Stephan et al., 2009); the technique described herein is therefore a novel means to assess these associations. Beyond mechanistic investigation of disorders, associative stimulation using TMS has also been proposed as a therapeutic modality (Uy et al., 2003; Jayaram and Stinear, 2008; Michou et al., 2013). If it is established that disorders such as those described above involve a form of auditorimotor disconnection, then auditorimotor PAS could be used as a novel adjuvant therapy to assist in the re/establishment of appropriate sensorimotor mappings.
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0025 263
0025 234
Variance  SD
0003 0055
0001 0024
0010 0.101
0096 0310

< 0.001
0.002
< 0.001
< 0.001
0.034
0.009
0.020

Corr

-0.738
—0.150

0.778

Fixed effects

Intercept

Target upper left

Diagonal alignment

Age

Target upper left x diagonal

Random effects

Subject

Residual

1.004
~0.102
0.13
~0.004
0133

Intercept
Test phase
Diagonal
Lower left
Upper left

Older adults

SE t
0.015 65.55
0.020 ~4.98
0.020 577
0.002 -236
0.024 5.48

Variance sD

0.003 0.057
0.003 0.058
0.007 0.084
0.003 0.058
0.005 0.069
0.120 0.346

<0.001
<0.001
<0.001

0.020
<0.001

Corr

-0.187
—-0.300

—-0.183

Corr

—0.644
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Subject

Mean

47

35

29
38
38
32
26
38
29

29
29
32
26
32
7
29

32

LIFG [-45324]

Z score.

2.20
2.94
187
4.75
2.32
262
2.54
4.26
253

2.84
252
187
362
2.07
2.02
179

267

Distance from peak

9.9
6.0
9.5
6.7
9.0
9.5
1.2
9.0
9.9

9.0
73
12.7
1.2
6.7
1.2
99

9.3mm

Region

IFS
PTr
PTr
PTr
PTr
POT/PTr
PTr
PTr
PTr

PTr
PTr
PTr
PTr
PTr
POPTE
PTr

z

-
-5
-n
14

14
-1

-17

-n

LOTS [-45 -55 —11]

Z score

324
2.56
2.57
2.08
2.53
3.63
239
2561
181
176
331
283
242
213
3.1
3.63
182

260

Distance from peak

9.0
6.0
6.7
4.2
4.2
9.5
127
6.7
5.2
12
13.7
12.4
1.2
4.2
9.9
6.7
73

83mm

Region

FSG
ors
MTG
ITG/OTS
oTs

6
ITG/FSG
OTSNTG
MTG/TG
FSG
MTG
TG

ors
MTG
FSG
MTG
FSG
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Fixed effects

Intercept

Block

Statistical learning
Vocabulary

Block x statistical learning
Block x vocabulary

Random effects

Subject

Item

Residual

ns. =p> 0.05.

0.917
0.703
6.649
~0.921
-9.223
1.489

Intercept
Block
Intercept

Younger adults

SE

0.155
0.043
8.966
1.255
4.058
0.568

Variance

0.436
0.049
0.912

1284

t

5.90
16.41
0.74
073
227
262

sD

0.660
0.221
0.955

1133

<0.001
<0.001
ns
n.s.
0.023
0.009

Corr

-0.821

Fixed effects

Intercept

Block

Hearing
Processing speed
Age

Block x Age

Random effects

Subject

Item

Residual

1.897
0.624
~0.029
0.011
0.004
~0.017

Intercept
Block
Intercept
Hearing

Age

Older adults
SE t

0.122 15.60
0.037 16.73
0.008 -623
0.004 2.46
0.01 038
0.007 -253
Variance sD
0.122 0.350
0.040 0.201
2.770 1.664
0.000 0.015
0.001 0.002
1.307 1.143

<0.001

<0.001

<0.001
0.017
ns.
0.012

Corr

~0.509

-0.887
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Brain region plcorrected) ~ Z-Score  Co-ordinates (MNI)

x y z
LsTs <0.001 6.11 -84 -25 -5
L anterior STS <0.001 580 57 -4  -14
LsTs 0.001 558  -60 -16 -2
L posterior STS 0.01 508  -57 -40 7
RSTG 0.001 5.60 60 -10 -2
R anterior STG/STS 0.030 488 60 -1 -m
Precentral gyrus. 0.022 494  -48 -7 58

Sub-peaks that are more than 8mm from the main peak are indented.
L, left; R, right; STS, superior temporal suleus, STG, superior temporal gyrus;
MTG, Middle temporal gyrus.
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Brain region pleorrected) Z-Score  Co-ordinates (MNI)

x y z
LIFG (pars triangularis) ~ 0.027 490 45 32 4
LoTS 0.011 509 -45 -5 11
LITG 0.012 506 -48 -58 -8

Sub-peaks are indented following main peak.
L, left; OTS, occipitotemporal suleus; ITG, inferior temporal gyrus; IFG, inferior
frontal gyrus.
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Sentence condition
Ambiguous (strongly-biased)

Ambiguous (weakly-biased)
Ambiguous (balanced)

Unambiguous fcontrol)

(e.g., The woman had to make the TOAST
with a very old microphone)

fe.g., The man was told that an ORGAN
was not available for the choir)

(e... The teacher explained that the BARK
was going to be very damp)

(e.g., The teacher explained that the
steam was going to be very hot)

In each example, the ambiguous word s capitalized and the disambiguating word

is underdined.
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TARGET WORD

SENTENCE LEVEL

Property

N

Frequency (log-trans.)
No. letters

No. meanings

No. senses

Length (seconds)
No. syllables

No. words
Naturalness rating

Al

92
3.61(1.01)
4.72(1.16)
192 (0.90)
10.1(5.60)

2.97(0.29)
165 (187)
125 (123)
5.46 (0.62)

Ambiguous

Strong biased

32
3.66 (1.16)
4.50 (1.02)
181 (0.64)
9.91 (4.79)

2.96 (0.25)
16.3 (1.82)
126 (1.34)
5.37 (0.68)

Weak biased

27
3.82(1.01)
5.04(1.43)
189 (0.97)
104 (703)

3.03 (0.30)
169 (192)
124 (1.18)
5.60 (0.61)

Balanced

27
3.24(081)
4.56 (0.89)
2.15 (1.10)
10.0 (5.06)

2.91(0.34)
16.1 (1.69)
126 (1.15)
5.40 (0.56)

Unambiguous

Al

92
3.63(0.93)
4.76 (1.08)
1.09 (0.32)
4.90 (3.09)

2.97(0.31)
16.4 (191)
125 (1.23)
5.80 (0.61)
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Code  Syllabletype  Sequencetype  Examples

ss Simple Simple [oarba-ba-ba-ba-ba/

sc Simple Complex [fo-de-ro-fo-de-ro/

cs Complex Simple KKK

cc Complex Complex Jori-dre-klou-bri-dre-klou/
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Regions

Description

Superior temporal
sulcus (STS)

Superior temporal
gyrus (STG)

Planum temporale
(PT)

The FreeSurfer STS RO is bounded anteriorly by
the temporal pole, medially by the STG, laterally by
the MTG, and posteriorly by the IPL. We divided
this region into roughly equal thirds along the
rostro-caudal axis (STGp, STGm, STGa

The FreeSurfer STG ROI runs from the rostral edge
of the STS to the supramarginal gyrus. It is
bounded medially by the SF. We divided this region
into roughly equal thirds along the rostro-caudal
axis (STGp, STGm, STGp)

The FreeSurfer PT RO is bounded anteriorly by the
TS, medially by the SF; laterally by the STG, and
posteriorly by the supramarginal gyrus. We divided
this region into roughly equal thirds along the
rostro-caudal axis (PTp, PTm, PTa)

Transverse
temporal sulcus
TTs)

Transverse
temporal gyrus
urel

Caudal segment of
the Sylvian Fissure
(sF)

The FreeSurfer TTS ROI is bounded posteriorly by
the PT and anteriorly by the TTG. We divided this
region into two halves along the medial-lateral axis

The FreeSurfer TTG ROl is bounded rostrally by the
rostral extent of the TTS, caudally by the caudal
portion of the insular cortex, laterally by the STG
and medially by the SF. We divided this region in
roughly equal halves along a medial-lateral axis

The FreeSurfer posterior SF ROI runs from the
lower end of the central sulous to the end of the
posterior ascending ramus (Dah et al., 2006). We
divided this region in roughly equal halves

Planum polare (PP)

Unedited version of FreeSurfer. It is bounded
rostrally by the temporal pole, caudally by the TTG,
and medially by the parahippocampal gyrus
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Anatomical location Hemi  x y z  Fvalue  pvalue  Clustersize (nodes) ~ Area (mm)
/AUDITORY SEQUENCES > REST

STGa extending into the MTG, STGp, SMGand  Left 54 3 -7 929 p< 000001 14,323 4808
circular sulcus of the insula (multiple clusters)

Precentral gyrus extending into the central —58 2 19 5.91 p < 0.00001 2300 856
sulcus and the inferior frontal gyrus

Medial superior frontal gyrus -7 —4 56 7.29 p < 0.00001 1589 439
Precentral gyrus -5 -6 45 5.7 0.00004 863 252
Cingulate gyrus and sulcus -4 -12 38 459 0.00035 543 155
Central sulcus -3 -27 48 4.29 0.00064 442 149
Lateral-occipito-temporal sulcus -43  -50 10 531 0.00009 397 121
Parieto-occipital sulcus -15 -58 14 384 0.002 191 53
Supramarginal gyrus -50 -44 47 an 0.00026 180 a1
Cingulate gyrus -2 41 1 352 0.0031 158 2
STGm extending into the TTGI, STGa, MTG, Right 61 -22 2 1128 p<0.00001 11,839 4200
and STSp

Cingulate gyrus and sulcus (multiple clusters) 15 -23 45 694 p<0.00001 791 177
Subcentral gyrus and sulcus 58 -4 1" 4.67 0.0003 660 m
Medial superior frontal gyrus (multiple clusters) 8 24 63 4.38 0.0005 524 143
Central sulcus 45 -9 38 7.74  p<0.00001 270 102
Inferior circular sulcus of the insula and PP (two 42 0 -20 462 0.0003 363 100
clusters)

Middie frontal gyrus and precentral sulcus (two @ 147 534 0.00008 359 86
clusters)

Superior circular sulcus of the insula 38 -16 22 5.29 0.00009 m 61
Central sulcus 3 -28 50 387 0.0015 196 51
Superior frontal sulcus 25 o 47 4.33 0.00059 176 50
Precentral sulcus 19 -9 62 6.10 0.00002 204 a7
Superior temporal sulcus 8 -4 2 -621 0.00002 297 a1
Superior parietal gyrus B -7 44 494 0.0002 205 40
Parahippocampal gyrus 19 -3 -8 4.32 0.0006 201 39

All coordinates are in MNI space and represent the peak surface node for each of the cluster (FWE: p = 0.001, minimum cluster size: 157 contiguous surface nodes,
each significant at p < 0.01). When more than one activation foci is listed, this means than the cluster had multiple peaks or was not continuous.
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Anatomical location Hemi  x y z tvalue  p-value  Cluster size (nodes) Area (mm)

TTGI extending into the SFp and the inferior circular Left -55 —14 2 584  0.00005 1618 596
sulcus of the insula

TTGI extending into the SFa, STGm, and inferior Right 63 -14 4 526  0.0001 1106 370
circular sulcus of the insula

STGm extending into the TTSI and STSm (multiple Left -60 -12 -5 649 0.00002 1277 443
clusters)

STGm and STGa Right 61 -4 —4 5.91 0.00004 240 83
Central sulcus 37 -19 42 —-471  0.0004 266 79
Superior frontal gyrus (multiple clusters) 8 -2 54 -6.82  0.000008 249 65

All coordinates are in MNI space and represent the peak surface node for each of the cluster (FWE: p = 0.001, minimum cluster size: 157 contiguous surface nodes,
each significant at p < 0.01). Tvalues are reported instead of Fvalues. Tvalues were obtained by contrasting the two levels of complexity for each experimental
factor while collapsing across the other one. When more than one activation foci is listed, this means than the cluster had multiple peaks or was not continuous.
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Anatomical location Hemi x y

SUPRA-SYLLABIC COMPLEXITY > SYLLABIC COMPLEXITY

STSp and STGp (two clusters) Left -50 —44
STGa -56 -2
TTGI -37 -38
Central sulcus Right 1 =1

0
-7
15

16

t-value

5.66
4.93
-4.63

-425

p-value

0.00005
0.0002
0.0003

0.0007

Cluster size (nodes)

600
172
172

2n

Area (mm)

196
78
58

60

All coordinates are in MNI space and represent the peak surface node for each of the cluster (FWE: p = 0.001, minimum cluster size: 157 contiguous surface nodes,
each significant at p < 0.01). Two clusters or multiple clusters indicate that the activation cluster is not continuous.
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1s¢ 2sC

Related  Unrelated  Related  Unrelated

RT (ms) Mean 980 1035 1014 1070
SD 170 142 169 150
ER (%) Mean 7.08 16.33 19.5 2077
SD 6.82 12.34 19.04 14.06

1SC, 1 SC voice condltion; 2SC, 2 SC voices condition; related, semantic link
between the prime and the target; unrelated, no semantic link between the
prime and the target.
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18C/281 2scr/2s|

Related  Unrelated  Related  Unrelated

RT (ms) Mean 924 928 928 953
SD 157 158 156 157
ER (%) Mean 703 1 13.00 16.27
SD 730 9.64 1169 788

1SC/281, 1 SC voice and 2 Sl voices condition; 25C/2SI, 2 SC voices and 2 SI
voices condition.
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Hypothesis

Underlying neural computations

Reference

Onset tracking

Collective feature tracking
Syllabic parsing

Sensory selection |
Sensory selection Il

Temporal edge detection

Spectro-temporal feature coding

Binding features of the same syllable; discretization
Temporal coherence-based binding of auditory features
Modulation of neuronal excitability; temporal prediction

Howard and Poeppel (2010)

Ding and Simon (2012b),Ghitza etal. (2012)
Giraud and Poeppel (2012),Ghitza (2013)
Shamma etal. (2011),Ding and Simon (2012a)
Schroeder and Lakatos (2009)
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1SC/181 2sC/181

Related  Unrelated  Related  Unrelated

RT(ms) ~ Mean 933 958 945 1000
SD 165 153 162 187
ER(%)  Mean 6.47 107 10.7 1433
SD 729 9.14 9.32 878

1SC/181, 1 SC voice and 1 Sl voice condition; 25C/1Sl, 2 SC voices and 1 Sl voice
condition.
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Ratio 1 213 12 13
Condition  1SC 2SC  2SC/1Sl 1SC/1Sl 2SC/2S1 1SC/2S|

(EXP1) (EXP1) (EXP2) (EXP2) (EXP3) (EXP3)

Mean 55 56 55 25 26 4
sD 70 19 10 88 83 65
P 0.03* 003* 0007* 088 0.21 0.99

* Indlicates significant priming. The ratio is expressed in terms of the number of
SC voices over the total number of voices in the background: 1, 1 SC voice or 2
SCvoices; 2/3, 2 SC voices, 1 1 voice; 1/2, 1 SC voice, 1 1 voice or 2 SC voices,
2 Sl voices; 1/3, 1 SC voice, 2 SI voices.
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Contrast Regions

Voxels

(&) Audiovisual - audio-only Bilateral occipital cortex; Bilateral fusiform 38 —a8 22 14108
gyri; L posterior superior temporal gyrus;
Bilateral posterior middle temporal gyri
R thalamus 16 -32 2 208
L thalamus 26 -30 -4 188
Ramygdala 20 -4 —14 16
R temporal pole 56 6 -2 13
(b) Audio-only ~ audiovisual R supeior parietal lobule; 34 -38 50 1864
R somatosensory cortex;
R supramarginal gyrus
R superior frontal gyrus; 2 4 64 804
R primary motor cortex
L superior parietal lobule; -38 -36 a2 330
R somatosensory cortex
L middle frontal gyrus -32 42 30 315
L superior frontal gyrus —26 4 56 177
R middle frontal gyrus 30 36 2 82
ACCENTEFFECT
(¢) Native - foreign R posterior middle temporal gyru: 64 —a6 2 379
R posterior inferior temporal gyrus;
R angular gyrus; R supramarginal gyrus.
(d) Foreign - native Paracingulate gyrus 4 24 3 904
R motor cortex, R superior parietal lobule; 34 -52 62 868
R somatosensory cortex
Linsular cortex -40 1 8 7
R superior frontal gyrus 20 -2 60 68
Rinsular cortex 32 20 -6 50
Linferior frontal gyrus -52 10 10 42
Linsular cortex 26 24 0 31
Rinsular cortex 42 14 8 13

Modality by accent interaction ns.

Clusters are based on the p < 0.025 threshold as well as the size criterion of 10 voxels.
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Regions of interest (ROI)

Anterior insular cortex (AIC)
Posterior insular cortex (PIC)
Superior temporal sulcus, upper
bank (uSTS)

Supramarginal cortex
Transverse temporal cortex
Transverse temporal cortex
Superior temporal sulcus, upper
bank (uSTS)

Precentral gyrus

Posterior insular cortex (PIC)
Superior temporal sulcis, lower
bank (STS)

S, standard (neutral); D1, happy; D2, disgusted.

LR

o

£

MNI

coordinates

X

30
-31
-50

—42

-5
49

-50

a4
34
a8

14

16
-22
-26

-24
-22
-19
-27

-16
-16
-28

z

4
10

22

Peak latencies

(ms; mean £ SD)

Emotional

240 £ 24
241 £22
244 £ 27

240 £ 23
245 + 25

244 426

230 + 23

Complex

248+ 25
245 £ 20

248+ 24
241+23

240 £23

Simple

248 %27

233420
248 4 26

232+ 18
23322

Emotional

D2>8,02>D1
D2>D1
D2>8,02>D1

D2>D1
D2>D1

D2>$,02>D1

D2>D1

Post-hoc
FDR < 0.05

Complex

D2>S
D2>S

D2>S
D1>$S

D1=$S

Simple

D2>$

D2>S
D2>$

D1>8,02>8
D2>S
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Emotional categorization task

Accuracies (%)
Response times (ms)

Mean £ SD
Emotional Complex  Simple
syllables  tones tones

6156+288 4854204 448151
798 £ 422 791 +£297 731 +252





OPS/images/fnhum-08-00743/fnhum-08-00743-t003.jpg
Regions of interest LR MNI Peak latencies Post-hoc

coordinates (ms; mean  SD) FDR < 0.05

X Y  Z CEmotional Complex Simple Emotional  Complex Simple
Supramarginal cortex R 46 -24 20 383 +36 389+46 379+35 D1>S D1>§,02>S D1>8,02>$
Superior temporal sulcus, upper R 52 -29 9 363 +34 380+43 370+38 D1>S02>S D1>5D2>S D1>S5D2>S
bank (uSTS)
Superior temporal sulcus, lower R 48 28 2 38632 39240 38037 DI>SD2>S DI>SD2>S  DI>SD2>S
bank (ISTS)
Supramarginal cortex L -42 =24 22 408 + 44 419+41 409452 D1-§D2>S D1-8D2>S D1>8D2>8
Transverse temporal cortex L -45 =22 7 415+ 43 420+42 411449 D1>SD2>S D1-8D2>S D1>8D2>8
Superior temporal sulcus, upper L -50 -26 2 405 + 46 409+45 411+£51 D1-SD2>S D1-SD2>S D1-5D2>$
bank (uSTS)
Posterior insular cortex (PIC) L =31 =22 10 412+ 42 432+42 412+42 D1>SD02>S D1>§D2>S D1>S,D2>$
Superior temporal sulcus, lower L -60 =27 o 420 + 45 427 +£51 414+48 D1>SD2>S D1>5D2>S D1>8D2>$
bank (ISTS)
Posterior superior temporal R 43 -38 1 364 +£35 366+36 360+37 D1>502>S D1>SD2>S D2>S
sulcus (pSTS)

S, neutral: D1, happy; D2, disgusted.
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Measure

Working
memory
Processing
speed
Vocabulary
Attention
Hearing
(PTAH)

t-tests tested two-tailed.

Younger
adults
M sp
6737 1718
6810 944
068 0.08
197 044
090 556

Older

adults
m sD
4680 1872
4873 1.01
0.87 0.06
2.05 0.62
2331 1028

Age group
difference

t

6.57

10.88

-15.80
096
~15.96

P

<0.001

<0.001

<0.001
0.340
<0.001
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